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ABSTRACT

1 ABSTRACT

Chemotherapy failure is one of the most common and crucial problem in the treatment of
tumors. Indeed, acquired mutations and alterations can lead to cell death resistance of the
cancer cells. The small molecule G5 and its successor 2¢ are dienone derivatives with two
sterically accessible electrophilic B-carbons, which can act as Michael acceptors to target
nucleophiles, such as cysteines. G5 and 2c¢ trigger multiple stresses, which converge in
the activation of the proteotoxic stress. However, their peculiar cell death mechanism is
not fully elucidated. A shRNA screening of glioblastoma cells was adopted in order to
identify the key players involved in this cascade. GSK3[3 seems a promising target as a
crucial interactor for G5, but the knockdown (using siRNA) and the knockout (generated
by using CRISPR/Cas9 technique) of GSK3p have revealed that this kinase is only
partially involved in this cascade. Instead, we show that GSK3p is crucial for the

necroptotic cell death induced by the quinone DMNQ.

Leiomyosarcomas (LMS) are rare but aggressive smooth muscle tumors, characterized
by complex karyotypes. Limited therapeutic options are available for LMS. Beside
surgical resection, the treatment with the genotoxic compound Doxorubicin is commonly
adopted to limit the dissemination and progression of the disease. However, the acquired
resistance of LMS to Doxorubicin treatment, due to the accumulation of mutations, leads
to relapse and correlates with a bad prognosis. Hence, new therapeutic strategies need to
be found. A bioinformatic analysis of a signature of genes upregulated after 2¢ treatment,
involving several elements of the proteotoxic response, correlates negatively with the
survival of LMS patients. From this observation, we hypothesize that aggressive LMS
coexist with high levels of proteotoxic stress, and they could be under crisis when

challenged by further proteotoxic stress making them more vulnerable.

We show that 2¢ can induce proteotoxic stress in LMS cells before leading them to enter
in cell death programs. Indeed, the chaperones HSPA6 and HSPAIA show a dramatic
increase in mRNA levels in these cells after treatment with 2c. Moreover, 2c triggers
mitochondrial dysfunction and by STED technique microscopy, we unveil that this small

molecule can reorganize the sub-mitochondrial clusters of DIABLO/SMAC.
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In order to improve its efficiency in vivo, 2¢ was engineered through a conjugation with
PEG and a small peptide, generating a pro-drug version of the compound called 2cPP.
This new molecule can release 2¢ through the action of secreted proteases present in the
tumor microenvironment. 2cPP induces similar levels of cell death in LMS cells as 2c,
but unlike 2c¢, is unable to induce cell death in normal smooth muscle cells. When assessed
for antitumoral activities in vivo, using different xenograft models of LMS, 2cPP showed

a strong antitumoral effect.

The cell death mechanism induced by 2¢ and the genes involved in this process are still
not clarified. To better understand and dissect this pathway, an RNA-Seq experiment was
performed by comparing the results between tumoral cell lines and its normal counterpart
treated with 2c. The results reveal that normal cells modulate more genes than the tumoral
ones after 2¢ treatment, in both upregulation and downregulation. Furthermore, while
tumoral cells generally upregulate pro-apoptotic genes and downregulate anti-apoptotic
genes, normal cells could have a more balance response in order to keep the cells alive,
demonstrating the fact that normal cells show less cell death than the tumoral ones after
2c treatment. Regarding proteotoxic stress, both the cells activate similar pathways when

they are treated with 2c.

Cotreatments of LMS cells with 2¢ and other common small molecules reveal that two
compounds can induce an additive effect of 2¢ in terms of cell death rate: MK(C3946, an
inhibitor of IREI, and YKL-06-061, an inhibitor of SIKs. Despite the final role is to
increase the cell death induced by 2c¢ for both the inhibitors, we show that they can act in
a different way to achieve this result. Indeed, MKC3946 augment the levels of cell death
through blocking survival pathways induced by the activation of the UPR response,
instead YKL-06-061 potentiate these pathways in an uncontrolled way leading to a switch

from a pro-survival to a pro-death effect.

In conclusion, all our data seem promising for LMS treatment and highlight that

proteotoxic stress may be an alternative strategy in anticancer therapy.
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2 INTRODUCTION

2.1 THE IMPORTANCE OF PROTEOSTASIS AND ITS REGULATION

2.1.1 THE PROTEOSTASIS MEANING

Among the macromolecules present in all the organisms, the proteins are certainly the
ones with a strong significance in terms of cellular mechanisms and signaling. Indeed,
they play a plethora of roles that start from the gene expression to cell differentiation and
protection [1]. To achieve their roles, the proteins need to assembly into three or
sometimes four different type of structures that allow them the possibility to answer their
functions. When the proteins reach their correct structure and conformation, they are
folded, and the organisms live in a situation of protein homeostasis or proteostasis [2].
Because the proteins are involved in many critical processes, it is clear that the
maintenance of the status of proteostasis is crucial for the cells fate. For this reason, the
cells have developed some mechanisms in order to control and favor the correct folding

of the proteins [2].

Regarding the folding process, most of the proteins typically adopt a three-dimensional
structure that is thermodynamically stable [3]. However, proteins with huge complex
domains can lead to the production of some intermediates, that can leave exposed their
hydrophobic aminoacid residues. These residues are more prone to generate a misfolded

condition with the production of aggregates [4].

To maintain the status of proteostasis the cells can take advantage of a system called
Proteostasis Network (PN), which involves both chaperones and some proteolytic
mechanisms. All the components of the PN collaborate to monitor and guarantee the
proteostasis, through the control of the correct folding of the proteins or through their
degradation if it is not possible to help reaching the precise structure. [5-7]. Proteostasis
is fundamental in the survival of the cells, indeed dysfunctions of the PN can lead to the

development of pathologies, typically age-related, such as neurodegenerative diseases
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(Alzheimer's disease, Huntington's disease, Creutzfeldt—Jakob disease, Parkinson's

disease) [8-10].

2.1.2 THE MOLECULAR CHAPERONES NETWORK

Regarding the monitor of the correct folding of the proteins, the main players that allow
this function are the chaperones. Chaperones generally need ATP hydrolysis and high
amount of energy cost to ensure their functions. Molecular chaperones constitute about
the 10% of the proteome and they play crucial functions in proteostasis both in normal
conditions and during cellular stress responses [11]. Among them, one of the most
important family is the Heat Shock Proteins family (HSPs) that allow the correct folding
of the proteins when there are critical conditions, like oxidative and heat stress or hypoxia,
that can impair the proteostasis [1]. The name of these peculiar chaperones derived from
the fact that their expression is drastically enhanced when the cells are challenged with
stresses and in particular with high temperature. HSPs are about 330 and includes both
chaperones and co-chaperones [12]. The chaperones can be divided based on their size
and on the ATP dependency mechanisms of action in ATP-dependent (HSP70s, HSP90s
and HSP60s (the latter ones called also chaperonins)) and ATP-independent (small HSPs
or sHSPs) [12]. Among the ATP dependent are present also the HSP100s which are
involved in the disruption of the aggregates. The co-chaperones, instead, are regulatory
proteins that can help the chaperones in their duties, indeed, they can give more specificity
and selectivity between the chaperones and their substrates. Among the co-chaperones it
is possible to identify the HSP40s that are the regulator proteins of the HSP70s [12,13].

The classification of the chaperones is reported in Figure 2.1.

Chaperones are critical in order to maintain the proteostasis, through the monitoring of
the correct folding of the proteins. In order to start this process, they recognize and bind
the hydrophobic sequences that are not normally exposed during the folding [14]. They
can assist the folding of unfolded proteins by three distinct actions. First, the majority of
the chaperones, such as HSP70s, can keep the targets in an unfolded state until natural
fold is realized [11,15,16]. Second, chaperones like HSP70s and HSP60s can use ATP

energy in order to unfold stable unfolded proteins, obtaining in this way proteins that are
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refoldable [17,18]. Third, HSP70s, in complex with the co-chaperones HSP40s and
HSP110s, can use the energy of ATP hydrolysis to induce the unfold and solubilize the
aggregates into proteins that are refoldable [19,20]. Thus, cycles of binding and release
of the ATP to the proteins appear throughout the process of folding, thanks to the

chaperones. When the correct structure of the proteins is reached these cycles end [2,16].
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Figure 2.1: Classification of the molecular chaperones [21].

HSP70s are cytosolic chaperones conserved during evolution and are the chaperones
more present in the cells. HSP70s have many homologs located in several subcellular
compartments, including for example the Heat shock cognate 70 (Hsc70) in the cytosol
and BiP/GRP78, which is a crucial gene situated in the Endoplasmic Reticulum (ER).
HSP70s can accomplish different activities such as folding newly synthesized

polypeptides, refolding unfolded proteins, assist in the degradation of terminally unfolded
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proteins, and directly destroy the already formed aggregates [11]. They can recognize
different unfolded proteins through the interaction with four to five hydrophobic
aminoacids exposed on the surface [15]. Fundamental for the chaperone activity of
HSP70s is the switch between open and closed conformations of the Substrate Binding
Domain (SBD) present in their structure. In the open conformation, the SBD has low
affinity to the target proteins, instead, when is closed, though the ATP hydrolysis induced
by co-chaperones, HSP70s can increase the affinity to the target proteins. This close
conformation helps the target proteins in refolding by keeping them in an unfolded state
until natural fold is reached. When the protein reaches the correct folding, it has no longer

exposure of the hydrophobic residues and, thus, it is released from HSP70s [16].

HSP40s proteins, also called J-proteins, are a big co-chaperones family constituted by 49
members [22]. Among this, DNAJB6 and DNAJBS are the most commonly known and
can suppress the toxicity of polyglutamine aggregation in neurons [23]. HSP40s have an
important role in regulate ATP hydrolysis of the HSP70s, indeed the 70-residue J domain
of HSP40s can bind the unfolded proteins and can cooperate with the ATPase domain of
HSP70s, inducing the ATP hydrolysis of itself. This phenomenon can approach the
HSP40s-bound substrate to the SBD of HSP70s, which in turn can enhance the affinity
of HSP70s to the substrate and induce the release of HSP40s from both the substrate and
HSP70s [24]. Because of this allosteric conformational change, the substrate can be
transferred from the bind with HSP40s to the bind with HSP70s. Apart from this
conserved J domain, these co-chaperones have different domains, which are important
for the regulation of several biological processes like intracellular localizations and target

proteins binding for proteolysis [25].

HSP90s are chaperones, which are able to dimerize, localized in diverse distinct
compartment of the cells (cytosol, nucleus, ER, and mitochondria) [26]. These
chaperones are constitutively expressed in physiological conditions and their levels of
expressions could highly increase if the cells are under a stress condition [27,28]. The
activity of this family of chaperones can be modulated by the Heat Shock Factor 1
(HSF1), which is one of the main regulators of the Heat Shock Response (HSR) [29].
HSP90s proteins can bind diverse targets, such as kinases, nuclear receptors, transcription

factors and cell surface receptors [11]. HSP90s present in their structure an N-terminal
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ATP-binding domain (N-domain), a mid-domain which is important in the binding with
the target (M-domain), and a C-terminal domain crucial for the dimerization (C-domain)
[27,28]. ATP hydrolysis regulates the affinity between HSP90s and the substrates and
induces, as well as HSP70s, a conformational change in HSP90s from an open
conformation to a close conformation. In fact, in a free form, HSP90s can bind their
substrates and the bind between the ATP and the N-domain leads to the conformation
switch [30]. In the close conformation, the N-domains of two molecules of HSP90s
dimerize each other. After the cycle of ATP hydrolysis, the substrate is release and again
HSP90s are free in the open conformation. This switch can be regulated through several

co-chaperones like Hop, p23/Sbal, and Cdc37 [27,28].

The mechanisms of action of HSP70s, HSP90s and their co-chaperones is illustrated in

Figure 2.2.
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Figure 2.2: Mechanisms of action of HSP70s and HSP90s. Through the assistance of their co-
chaperones, they can use cycles of ATP hydrolysis in order to help reaching the correct folding of
the proteins [31].

HSP60s are a family of chaperones, called also chaperonins, of 60kDa present in the
mitochondria [17,18]. One of the most known members is the bacterial chaperone GroEL.

Under particular stresses, HSP60s can also move from the mitochondria to the cytosol

[17,18]. HSP60s have a particular structure, in which they can create a double ring



INTRODUCTION

complex of seven subunits for each ring. The substrates are kept in the center of this
structure and here they can expose their hydrophobic residues leading to the refolding
process [18]. The activity of HSP60s is regulated by the co-chaperone HSP10s present in
the mitochondria, which can be seen as a lid for the HSP60s structure. After the ATP
hydrolysis, HSP10s lid opens and, in this way, the folded protein can be release from
HSP60s [18]. HSP60s and HSP70s can collaborate in the folding assistance process, and
one example of this kind of collaboration is given by the HSP60s TCP-1 Ring Complex
(TRiC), called also TCP1 complex (CCT) (TRiC/CCT). TRiC, through its activity and
cooperation can help the protein to reach the correct folding without the creation of

aggregates [2,32]. The catalytic cycle of HSP60s is illustrated in Figure 2.3.
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Figure 2.3: The catalytic cycle that leads to the folding of the target protein through HSP60s [33].

sHSPs differently from all the other HSPs work with a mechanism that is ATP
independent. In humans are present 10 sHSPs, which present different size range from 12
to 42 kDa [34]. Under stress conditions, HSP27 and aB crystallin are the sHSPs, which
are strongly induced [34]. In their structure, it is possible to identify a 100-residue o-
crystallin domain with at the end some variable N-terminal and C-terminal portions.
These portions are fundamental for the recognition of the target proteins and induce the

creations of oligomers. The important role of the sHSPs is favoring the stable state of the
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proteins during the folding, in order to avoid aggregates formation for other chaperones

like HSP70s [35].

It is possible to divide the proteins into two groups: proteins that are able to fold quickly
with the interaction with the chaperones that acts upstream (like HSP70s) and proteins
that need more help during the whole process. Indeed, the proteins that are included in
the first group just need the upstream chaperones and they do not need other downstream
chaperones. Instead, the proteins that are included in the second group need more
specialized chaperones (like HSP90s and the chaperonins) in order to obtain the correct
folding [36]. The proteins of the second group are typically larger and they present a
structure with several domains or some domains with a complex topology. Usually, they
need a strong interaction with the chaperones, but they also need an interaction with the
co-chaperones, in this way it is possible to define a big network called “chaperome” [37].
Furthermore, there are also some proteins that are unable to fold and they need the

chaperones to fold like for example the actin of the cytoskeleton [38].
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2.1.3 THE UBIQUITIN-PROTEASOME SYSTEM AND ITS COMPONENTS

In parallel to the folding assistance given by the chaperones, the cells have adopted some
mechanisms of protein quality control that has the same aim of maintaining the
proteostasis. In contrast with the chaperones, which can help the protein to reach the
correct folding and continue living, these mechanisms lead to the degradation of the
proteins that are misfolded. The major role in these types of systems is done by the
Ubiquitin-Proteasome System (UPS) [39,40]. The UPS is crucial in the life of the cells
because it controls the correct and physiological disruption of the proteins that is an

important turn-over when these proteins are not correctly folded, too old or damaged [41].

This system take advantage from a signal that permits to select the proteins that need the
degradation. This signal is a tag of ubiquitin, which can be conjugated to the target protein
in a multistep process called ubiquitylation. The ubiquitin is a polypeptide of 76
aminoacids constituted by a fundamental glycine residue (G76) in the C-terminal, which
is critical for its conjugation to specific target substrates. Moreover, the ubiquitin presents
in its structure internal lysine residues that are significant in the creation of polyubiquitin
chains [39,42]. This process needs the presence of three different classes of enzymes that
divide it into three steps: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugation
enzymes and E3 ubiquitin-ligases [43-45]. In the first step, E1 enzyme stimulates one
molecule of ubiquitin by the development of a high energetic thiol ester bond between a
cysteine residue present in the active catalytic site of E1 enzyme, and the critical G76
residue of ubiquitin, through a reaction, which requires the hydrolysis of ATP. Activated
ubiquitin is transferred to the sulthydryl group of one of the 30 to 40 ubiquitin carrier E2
enzymes existing in a eukaryotic cell. Later, the activated ubiquitin is transferred from
one E2 enzyme to a specific E3 enzyme and in the ultimate step to the lysine of a specific
target protein, thanks to the construction of an isopeptide covalent bond between the
ubiquitin molecule and the target protein [46-48]. In the ubiquitylation process, the E3
ubiquitin-ligases are the enzymes that confer the major grade of specificity. For this
reason, they constitute the largest family of enzymes involved in the process and they can

be classified in three subfamilies (RING, HECT and RBR E3s) based on the diverse
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enzymatic domains and on the mechanism by which the ubiquitin is transferred to the

target protein [44,46,47].

The steps described above can be repeated many times, producing also tag of ubiquitin
chains, as seen in Figure 2.4. The faith of the ubiquitin-tagged proteins is determined by
the quantity of ubiquitin residues present on the protein, the lysine involved in the bond
among the monomers, and the different pattern of the ramification of the poly-ubiquitin
chains, making suitably a ubiquitin code [49]. In general, the classic signal for the protein
degradation is given by a chain with at least four monomers of ubiquitin bond to each
other through the lysine residue in position 48 (K48). Instead, if the proteins are tagged
with a different polyubiquitin chain or with a single ubiquitin involving other lysine
residues (as K6, K11, K27, K29, K33, K48 or K63), they act some non-degradational

roles, in the context of DNA repair, DNA replication or signal transduction [50].
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Figure 2.4: Ubiquitylation process with the action of the three class of enzymes involved and the
possible ubiquitin chains ramifications [51].
At the end of the ubiquitylation, the target proteins, which are now tagged with the
ubiquitin chain, are transported to the 26S proteasome. The 26S proteasome is an ATP-
dependent complex that is present both in the cytosol and in the nucleus in all the
eukaryotic cells and has about 50 subunits. In particular, among these subunits, two big
subcomplexes can be distinguished: the 20S core and the 19S regulatory subunit
[47,48,52]. The structure of the 26S proteosome and its components is represented in

Figure 2.5.
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Figure 2.5: Schematic representation of the structure of the 26S proteasome through the definition
of all of its components and functions [53].
The 20S core is a multimeric cylinder shape complex of 730 kDa that is the catalytic
portion of the system and present two heptameric B-subunits, which have the catalytic
role, and two heptameric a-subunits, which have the structural role. Among the B-
subunits, it is possible to recognize three main activities between the different subunits:
B1, which has a caspase-like activity, 2, which has a trypsin-like activity and B5, which
has a chymotrypsin-like activity [54-56]. Thanks to the proteolytic activity of the catalytic
chamber, the protein targets are degraded into oligopeptides (with a length between 3 to
15 amino acid residues). The oligopeptides are then hydrolyzed by cytosolic peptidases
into free amino acids that are subsequently recognized by the Transporter associated with
Antigen 1 (TAP1) complex and loaded into the class I major-histocompatibility complex
(MHC-]) for their presentation to the immune system. Nevertheless, the 20S core alone
is not able to proceed with the protein degradation, indeed, it is necessary that the 19S
regulatory subunit bind the a-subunits of the 20S core for the assembly of the entire

structure of the 26S proteasome [47,48,52,54,55].

In general, the proteasome is not able to degrade the proteins when they are in an
aggregate form, and it is important that the protein target, which is the substrate of the

proteasome, is unfolded before entering. Thus, before entering into the proteasome is
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important that eventual aggregates are disrupted, and this is possible though the
cooperation with the chaperones network. The process of unfolding the target proteins
before translocating them in the 20S core is done through six ATPase subunits (Rpt1-6),
which form a hetero-hexameric ring able to generate a mechanical force through the ATP
hydrolysis. The mechanical force is employed to unfold the ubiquitylated proteins and to
translocate them within the 20S core for the proteolytic degradation [57]. This AAA+
ATPases constitute one of the subunits of the 19S regulatory subunit that is a complex of
about 930 kDa. The 19S regulatory subunit can be present on both the ends of the 20S
core and, instead of the 20S core, do not have a catalytic role but it has a regulatory role

[47,48,52].

Before entering into the 20S core, another essential step, in addition to the unfolding
process, is the removal of the ubiquitin tag from the protein target because if not the
proteins cannot enter into the 20S core. The 19S regulatory subunit can recognize the
ubiquitin chain tagged to the protein target and remove from it through a class of enzymes
called deubiquitinases (DUBs) which are able to hydrolyse the isopeptide bond between
the ubiquitin and the protein target, previously formed by E3 ligases. The released
monomers of ubiquitin are recycled by the cell for the ubiquitylation of the other
intracellular proteins [39,48]. The DUBs are strongly regulated to avoid abnormal protein
degradation, in fact, their activity is controlled at transcriptional and non-transcriptional
level. For example, many cytokines can regulate the expression of the DUBs, inhibiting
or enhancing their activity, or in some cases, the DUBs need to be in a complex to be
activated. Additionally, the cellular microenvironment can influence this class of
enzymes, as in the case of the Reactive Oxygen Species (ROS) generation which leads to
the DUBs inhibition through the oxidation of their catalytic cysteine residues [52,58].
There are about 100 DUBs in one eukaryotic cell that can be divided in five classes, four
of them are cysteine protease families: the Ubiquitin-Specific Processing proteases
(USPs), the Ubiquitin C-terminal Hydrolases (UCHs), the Ovarian Tumour domain
containing proteases (OTUs), and the Machado Joseph Disease (MJD)/Josephine domain
DUBs. The last one is a zinc-metalloprotease family: the Jabl/Mpn/Mov34 (JAMM) [59].

The main DUBs that are linked with the 19S regulatory subunit are: RPN11/POHI,
USP14 and UCH-LS5 [60-62]. The action of these three DUBs is not independent of each
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other and the timing of their respective functions is critical. In the specific, RPN11/POH1
is a metalloprotease (a JAMM member) and UCH-L5 and USP14 are both cysteine
proteases, which catalytic enzymatic activity is stimulated upon the proteasome

incorporation [52].

RPNI11/POHI is located at the entry of the 20S core canal and it acts directly on the
protein targets. In fact, through the ATP hydrolysis, it is able to cleave the proximal end
of the polyubiquitin chain from the protein target, releasing the entire ubiquitin chain. In

this way, the target protein can enter in the proteolytic canal of the 20S core [52,63].

On the contrary, USP14 is important for the ubiquitin recycling. It is not a constitutive
subunit of the proteasome, but it can reversibly associate with the RPN1 subunit on the
19S regulatory subunit [52]. In particular, USP14 seems to be able to promote the de-
ubiquitination of those proteins characterized by multiple K48-linked polyubiquitin
chains, by binding/disassociating cycles with the proteasome [62,64,65].

The other DUB, UCH-LS, is recruited to the proteasome by the RPN13 receptor present
in the 198 regulatory subunit, and then its isopeptidase activity is increased. Indeed, it is
shown in vitro that RPN13 can promote directly the activity of UCH-LS on several
ubiquitylated substrates. It can remove ubiquitin from the distal end of polyubiquitin
chains, but unlike USP14, which releases di- and tri-ubiquitin from the chains, UCH-L5
produces only molecules of monoubiquitin. Furthermore, this DUB is able to cleave both

K48- and K63-linked polyubiquitin chains [52,66,67].
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2.1.4 PROTEOSTASIS NETWORK: COOPERATION BETWEEN CHAPERONES AND
UPS

The PN is still not completely characterized in all of its components, however it is clear
that an interconnection between chaperones and other machineries exists and the possible
interactions between the systems are reported in Figure 2.6. It was revealed that some E3
ligases, involved in the degradation of unfolded proteins, can collaborate with some
chaperones, such as UBR1, UBR2, Sanl, Hul5, E6-AP and Parkin. However, the most
known E3 ligases interactor is the C-terminus of Hsc70-interacting protein (CHIP) [58-
70].

CHIP is a protein of 35 kDa, which have a double function: can act as a co-chaperone of
the HSP70s and HSP90s but can also act as an E3 ligase mediating the ubiquitylation
process through its RING-like U-box domain [71,72]. The activity of CHIP as an E3
ligase need the presence of an E2 enzyme that in this case is UBCHS [73]. CHIP, through
the mediation of UBCHS, can interact with the substrates of HSP70s and HSP90s and
lead to their ubiquitylation and subsequent proteasomal degradation [74]. In order to help
and favor the transport of the target proteins to the 20S core, CHIP can interact with
RPN10 (a subunit of the 19S regulatory subunit) [75]. In this mechanism, CHIP use its
domain called Tetratricopeptide repeat (TPR) to interact with HSP70s and HSP90s and

recognize the target proteins [76].
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Figure 2.6: Cooperation between the molecular chaperones and the UPS degradation system in
order to reach the proteostasis [77].
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The co-chaperone BAGI1 is also important in the degradation of the target proteins
mediated by CHIP and HSP70s [78]. BAG1 can act as a nucleotide exchange factor (NEF)
through its C-terminal region, indeed that region can interact with the ATPase domain of
HSP70s, and this triggers the release of the protein targets from HSP70s [78]. Beside
from this domain, BAG1 has an Ubiquitin-like (UBL) domain present in the N-terminal,
which is important for its interaction with the 26S proteasome [79]. BAG-1 can also
collaborate with CHIP in order to deliver the target proteins to the UPS. In addition, the
sHSP HSP27 can regulate the ubiquitylation of the target proteins, by a direct interaction
with the proteasome [80]. Indeed, this sHSP can interact with the chains of ubiquitin and

can increase the disruption of the tagged proteins [80].
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2.1.5 AGGREGATES DEGRADATION: THE ROLE OF AUTOPHAGY AND

CHAPERONES

Although UPS can degrade the damaged and misfolded proteins, under stress condition
the misfolding process can generate some insoluble aggregates that could not be
destroyed through the proteasome catalytic core. To maintain the proteostasis, the cells
have developed another system that can eradicate also these aggregates, using the
lysosomal degradation [81]. This machinery involves the autophagy type of cell death,
and all the system is called Autophagy Lysosomal Pathway (ALP). ALP is constituted of
about 500 elements in which the core is represented by the ATGs products [82].

When there is the formation of the aggregates, these can be accumulated in a region of
the cell that is positive for ubiquitin, and this can be a signal for the recruitment in this
region of the autophagic machinery through the chaperones. This process is called
Chaperone-Assisted Selective Autophagy (CASA) [83-85]. These aggregates are
recognized by some autophagic adaptors like for example p62 [86]. p62 is generally
inactive but can be activated when there is the binding with the argynilated N-terminal of
the ER chaperone BiP/GRP78 [86]. In fact, if there is an accumulation of protein targets
that cannot be degraded, BiP/GRP78 is argynilated on the N-terminal domain through the
transferase ATE1. Subsequently. BiP/GRP78 translocates in the cytosol and can bind p62,
triggering a conformational change of p62 and its interaction with LC3-II that is present
on the autophagosomes [86]. In this way, the aggregates enter in the autophagosomes and
later after the fusion with the lysosomes (with the formation of the autolysosomes), the

cargo and p62 are degraded through the hydrolases present in the lysosomes [87,88].

However, in a normal and unstressed condition these aggregates can also be eliminated
in a simpler system, which avoid the formation of the autophagosome, called Chaperone-
Mediated Autophagy (CMA) [89]. In this process, the cytosolic proteins that need to be
degraded are recognize through the presence of the pentapeptide KFERQ. The
involvement of Hsc70 in the CMA is fundamental, in fact, it can favor the translocation
of the substrate in the lysosome through a receptor present in the lysosome itself called

LAMP2A (Lysosome-Associated Membrane Protein 2A) [89]. The activity of Hsc70 is
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mediated by some co-chaperones like the HSP40s and BAGI [90]. The interaction
between Hsc70 and LAMP2A is possible when LAMP2A is stable and its stability is
guaranteed by the lysosomal homolog of Hsc70 (Lys-Hsc70), which help LAMP2A to be
available for another CMA [91].

UPS and ALP are alternative systems to eliminate the proteins that need to be degraded
but with different substrates and pathway involved, which are reported in Figure 2.7. UPS

degrades mainly short-lived proteins, instead autophagy is responsible for the degradation

of long-lived proteins, which could become aggregates [92-94].
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Figure 2.7: Differences in the pathways activated during UPS, autophagy and CMA [95].

However, these two mechanisms can also compensate each other if one is impaired.
Indeed, UPS and ALP activation are not mutually exclusive and they can coexist in order
to counteract the emergency of an unbalance level of proteostasis due to accumulation of
unfolded proteins. In this condition, both UPS and autophagy system are upregulated
through several mechanisms (such as ERAD or UPR, described in the next chapter)
adopted by the ER, which is the key organelle for the maintaining of the proteostasis. This
means that autophagy not only is fundamental in removing aggregates, but also can help

in reducing the increasing burden of unfolded proteins in the UPS system [92-94].
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It was shown that by inhibiting the 26S proteasome, the autophagy system resulted
upregulated, with an augmented presence of LC3 positive vacuoles, probably through ER
after the beginning of a proteotoxic stress situation [96]. Furthermore, a reduction of the
expression of the Extracellular Mutant 29 (ECM29), which is a protein linked to the 26S
proteasome, leads to increasing levels of LC3f and p62, defining that the impairment of
UPS can stimulate autophagy [97]. The general mechanism that activates this pathway is
not completely elucidated, however some points resulted clear. The impaired 26S
proteasome leads to the accumulation of ubiquitylated proteins, generating aggregates.
These aggregates form large inclusion bodies called aggresomes and they can be
eliminated through the ALP activity. To facilitate ALP degradation, it was shown that the
inhibition of the 26S proteasome induces the formation of an entrapment zone, which can
help the lysosomes in reaching the correct position around the aggresome. In addition to
this, ER resulted crucial in sustain the autophagy system when UPS is impaired, through
enhancing the assembly of the pre-autophagosome, in the formation of the

autophagosome and in its translocation to the vacuole [98].

p62 resulted to be a bridge between the inhibition of the 26S proteasome and the
activation of autophagy. Indeed, the proteotoxic stress, induced by the inhibition of the
26S proteasome, triggers the phosphorylation of p62 at Ser403 and Ser409 through
ULKI1/ATG]. This phosphorylation status stabilizes the ubiquitylated proteins bound to
p62, which leads to their correct degradation though the recruitment of the autophagic

machinery [99].

ALP is also fundamental in the degradation of the 26S proteasome and the inhibition of
this system can lead to an uncontrolled degradation by the UPS. This resulted in
augmented proteasomal peptidases activities [100]. However, this point is controversial,
in fact, other studies reported that the inhibition of autophagy does not have a direct
impact on UPS and others that, in an autophagy-deficiency model, the resulting impairing

in UPS derived by factors outside the proteasome [101,102].

Nevertheless, under severe stress conditions the accumulation of proteins that cannot be

degraded occurs, generating insoluble aggregates, which are difficult to be eliminated
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also with these machineries. In order to disaggregate these polypeptides, cells use the

chaperones as disaggregases [103].

One example is the yeast chaperone HSP104 which is a member of the HSP100s family.
Hsp104 is an AAA+ ATPase, which presents a structure with a hexameric ring and a
central channel [104]. HSP70s, assisted by HSP40s, can deliver the aggregates to HSP104
and here they can be degraded and become new useful polypeptides [105,106].

In the humans, the disaggregation is made through the co-chaperone HSP110, another
member of the HSP100s, after the interaction with HSP70s and HSP40s [107,108].
HSP110 has many similarities in both structure and function with the HSP70s and, as
well as BAGI. Similarly, it can be a NEF for HSP70s. This NEF function can lead to the
release from HSP70s of ADP [109]. The fundamental role of HSP110 in disaggregation
has been shown in many models including amyloids, prefibrillar oligomers and reactivate

proteins from aggregates [19].



INTRODUCTION

2.2 PROTEOTOXIC STRESS: THE DARK SIDE OF THE

PROTEOSTASIS FAILURE

2.2.1 AN INTRODUCTION TO PROTEOTOXIC STRESS AND THE ROLE OF THE
ER

In addition to the systems described above related to the chaperones, the cells could adopt
other mechanisms in order to maintain the proteostasis. These other mechanisms are
needed because, despite the presence of the chaperones, some errors can occur during the
folding caused by some stressors like heat, oxygen radicals, heavy metal ions and
mutations. These mechanisms need the role of the ER and are shown in Figure 2.8. The
presence of these errors can lead to the formation of aggregates, derived from misfolded
or unfolded proteins, which are not functional and can trigger a status of pathological

conditions [1,42,110].

The folding maturation process occurs into the ER but if the proteins are not able to fold
properly, in the ER begins a process in order to restore the proteostasis called ER-
Associated Degradation (ERAD). During the ERAD, the unfolded or misfolded proteins
are constrained in the ER and later translocated to the proteasome for their degradation
[111]. Critical for the ERAD is the presence of the cytosolic ATPase p97 (VCP/Cdc48),
indeed, it can deliver the target proteins with ubiquitin tag from the ER to the proteasome

by using the hydrolysis of ATP [112].
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However, if it is impossible to restore the proteostasis due to a several accumulations of
unfolded proteins in the ER, the system is overloaded, and it starts the ER dysfunction
characterized by an unbalanced redox equilibrium. All of these events lead to a condition
known as ER-stress [114,115]. ER-stress is a phenomenon that is deleterious for the cells,
hence, to avoid this situation, the cells activate a pathway called Unfolded Protein
Response (UPR) [116,117], which is a crucial response for the survival of the cells.
Through UPR, the cells block the translation of new proteins, augment the activity of the
chaperones and enhance the ERAD process. With these mechanisms, the accumulation
of unfolded proteins is reduced and the status of proteostasis is reestablished [111,115-
117]. The UPR pathway is controlled through three sensors: Protein kinase RNA-like ER
Kinase (PERK), Inositol-Requiring Enzyme 1 (IREl) and Activating Transcription
Factor 6 (ATF6) [111,118,119]. The sensors work together in order to decrease the ER
stress, activating different pathways. For example, when PERK and IRE1 are activated,
they can decrease the synthesis of new proteins, in order to reduce the number of proteins
that can enter through the ER, instead when ATFG6 is activated, can upregulate the
transcription of several chaperones in order to control if the folding of the protein is
correct [111]. A crucial gene for the regulation of UPR activation in response to ER stress

is BiP/GRP78, which is a chaperone of the HSP70s family. Indeed, BiP/GRP78 can
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control the activation of the three main sensors of the UPR pathway (PERK, IREI, and
ATF6). When there is an increase in the amount of unfolded proteins, BiP/GRP78 can

release the three sensors [120,121].

2.2.2 THE SENSORS OF THE UPR AND THE ATF NETWORK

The UPR response sensors can induce several different transduce mechanisms as reported

in Figure 2.9.
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Figure 2.9: Cascade of signaling and downstream pathways induced by the three UPR response
sensors [122].
The sensor PERK is a serine/threonine kinase, and it has various substrates. Among them,
the most known is the eukaryotic translation Initiation Factor-2 alpha (elF2a). When
PERK is activated though the UPR, can phosphorylate elF2a at residue Ser51
[115,116,123]. This phosphorylation leads to the block of the translation of the CAP-
dependent proteins, which result in the reduction of the ER stress [111]. Another
characterized substrate of PERK is the Nuclear factor erythroid-derived 2 (NRF2), which
is known to be one of the master gene regulator in the homeostasis of the redox balance
[124]. After its activation, PERK can phosphorylate NRF2 at the residue Thr80 that is
located in the domain Neh2 [125]. This phosphorylation leads to the activation of NRF2,

which determine its import in the nucleus. In the nucleus, NRF2 can induce the
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transcription of the Antioxidant Response Elements (ARE), by the activation of the
antioxidant response [126]. It is also defined that FOXO transcription factors [127,128]
and the Diacyglycerol (DAG) [129,130] can be other substrates of PERK, and that their

activation through phosphorylation can help in reducing the ER stress.

Beside PERK, in the cells exist also some PERK-related kinases, which are able to
monitor several types of stresses. Some examples are: Protein kinase R (PKR) that control
the antiviral response, General Control Nonderepressible 2 (GCN2) that control the
aminoacid pool depletion and eukaryotic translation initiation factor-2 alpha kinase 1
(HRI) that control some stresses (heavy metals, heat shock, and proteasome inhibition)
[131]. All of these kinases can phosphorylate elF2a, leading to the block of the translation

of new proteins with consequent reduction of the ER stress [132].

IRE1 is a protein that present multidomain and acts both as a kinase and as an
endoribonuclease. Its RNAse function can lead to the RNA degradation in order to
decrease the protein synthesis, a mechanism that is called Regulated IRE1-Dependent
mRNA Decay (RIDD) [133]. Nevertheless, when there is a condition of low activation,
IRE1 has a specific RNAse activity to some specific sequence, leading to the modulation
of peculiar genes. The most crucial of these genes is X box-Binding Protein 1 (XBP1)
which is fundamental for the survival of the cells. Generally, XBP1 is synthesized in an
untranslated form, which result unspliced (uXBP1). However, IRE1, after its activation,
can process and splice a 26-base intron of XBP1 resulting in the generation of a spliced
form of XBP1 (sXBP1). The presence of sXBP1 can be seen as a general marker of the
activation of UPR [134]. Furthermore, sXBP1 is also a crucial regulator in the UPR
condition, because it can activate the transcription of several genes that are important for

the resolving of the ER stress and the return to proteostasis [135].

ATF6 is a transmembrane protein that acts as a transcription factor only when is cleaved.
In ER stress condition, it translocates from the ER to the Golgi apparatus in which is
processed. The cleaved form of ATF6 can be import in the nucleus and here it can act as
a transcription factor for genes that are related to the protein folding assistance (for

example GRP78 and GRP94) [136].
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Besides ATF6, other ATF genes are reported to be involved in the ER stress and UPR
response, and one of the most crucial is ATF4 which is a transcription factor belonging
to the cAMP Response Element-Binding protein (CREB)-2 family of proteins [137]. In
fact, after the activation of PERK and the subsequent activation and phosphorylation of
elF2a, the latter one, besides blocking the translation of the CAP-dependent proteins, can
induce the transcription of some critical mRNA including for example ATF4. ATF4 has
a very short half-life and a low efficiency of translation, thus is difficult to detect it in
normal conditions [138,139]. Indeed, after using proteasome inhibitors, its levels can
dramatically increase through the UPR activation and the elimination of its suppressor
[140]. The structure of ATF4 present several domains and among them there is a
basic/leucine zipper domain (bZIP domain) which can directly bind the DNA, and for this
reason can interact with many genes which can control its activities and its stability
[137,138]. Among the several genes that can be controlled by ATF4, there are some of
them related to the reduction of the proteotoxic stress and these genes can be directly
transcribed by the activity of ATF4. One of the most important gene regulated through
ATF4 is C/EBP Homologous Protein (CHOP), which is involved in the apoptotic
pathway [141]. As well as ATF4, also the translation of CHOP is enhanced through the
phosphorylation of elF2a that avoid the problem of the short initiation sequence [142].
CHOP collaborates in reaching the proteostasis through the induction of the production
of GADD34, which is a regulatory subunit of a specific complex phosphatase of elF2a
[143]. CHOP could regulate its own production and in the same way could also regulate
the synthesis of ATF4. This system is important because the phosphorylation of elF2a
and the consequent induction of ATF4 and CHOP is triggered not only in the case of the
presence of ER stressors, but also GCN2 and PKR can phosphorylate elF2a [144].
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2.2.3 CELL DEATH ACTIVATION THROUGH UPR RESPONSE

All of these mechanisms are fundamental in order to permit the surviving of the cells
under stress condition. Nevertheless, if the proteostasis status is not restored, a continue
activation of the UPR pathway can also trigger a switch to cell death pathways, as shows

in Figure 2.10 [111,118].

APOPTOSIS

Figure 2.10: Cell death pathways induced by the ER stress through the stimulation of the UPR
response stressors [145].
The axis PERK/ATF4/CHOP plays an important role in terms of cell death, indeed many
models are studied for this pathway. For example, the loss of neurons after ischemia is
regulated by CHOP [146] and also the loss of pancreatic cells in mouse model of diabetes
[147]. Of mention, CHOP can also be involved in cell death mechanism without the
presence of ATF4, indeed CHOP has also been transcribed by both ATF6 and XBP1
[148]. Regarding cell death, CHOP can induce the transcription of TNF-Related
Apoptosis-Inducing Ligand (TRAIL) receptor 2 (TRAILR2) or called also Death
Receptor 5 (DR5) [149,150]. In particular, in the 50-flanking region of the DR5 gene was
found a CHOP-binding site [150]. Death Receptor 4 (DR4) could also have a role in the
cell death induced through ER stress but with minor importance, indeed CHOP and ATF4

can promote its upregulation but with some differences between all the cellular models
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considered and between the pathways activated [151,152]. Curiously, the signaling
portion of CHOP seems to be involved also in ferroptosis in a GCN2 dependent and
independent mechanism that result in a cysteine depletion [153,154]. However, the
presence of only CHOP is not sufficient to induce cell death [155,156]. Instead, ATF4 is
sufficient to induce cell death in Mouse Embryonic Fibroblasts (MEFs) and the presence
of CHOP enhance the process. How the process works is not completely understood, but
it is plausible that both the two genes collaborate in order to induce the UPR related genes
and this can lead to the induction of cell death [155]. ATF4 is able also to induce cell
death pathways in a CHOP independent manner, indeed, it can induce the downregulation
of XIAP. XIAP is a member of the family of the Inhibitors of Apoptosis (IAP), which can
bind and block the activity of the caspases and by a RING zinc finger domain linked to
the E3 ligases can promote the ubiquitylation and the proteasomal degradation of their

substrates like caspases [157].

For what concern the other ATFs it is shown that ATF3 and ATFS5 could have a role in
the cell death induced by the ER stress response. ATF3, which can favor an apoptotic
type of cell death, was shown to have a role in the induction of DRS5 through ER stress in
pS3-deficient colorectal cancer cells [158,159]. ATFS5 is also controlled by the activity of
CHOP and ATF4, indeed through a direct binding with the CAACTC Regulatory
Elements (CARE) of the promoter of ATFS, its transcription is upregulated [123,131].
ATFS5, similar to ATF4 and CHOP, is more translated after the phosphorylation of elF2a,
and it can induce the transcription of genes related to the apoptosis such as the BH3-only
protein NOXA/PMAIP1 [160]. The downregulation of each ATF3, ATF4, ATFS5 and
CHOP can avoid the induction of NOXA after the induction of ER stress, and all of these
genes can contribute to the feed-forward loop that can lead to the apoptosis [155,160,161].

IRE1 usually is identified as a protein related to the pro-survival feedback after ER stress,
indeed after its activation it could induce the expression of several chaperones. Two
1soforms are encoded for IRE1, which are IRE1a and IRE1p, but the most expressed and
studied is IREla. As an anti-apoptotic role, through the RNAse activity, IRE1 can also
lead to the degradation of several pro-apoptotic proteins such as DR5 [162]. It has been
revealed that if IREla is continuously activated, its role become more pro-apoptotic. In

fact, in that condition it can interact with TRAF2 that can activate Apoptosis Signal-
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regulating Kinase 1 (ASK1) and also the downstream gene of ASKI that is c-Jun N-
terminal Kinase 1 (JNK) [163]. JNK can modulate and activate the whole apoptotic
process but can also cooperate in the necrotic pathway after ER stress induction [164].
Thus, IRE1 demonstrates to have a dual role of both pro-survival and pro-death for the
cells fate, and this can depend on the type and the intensity of the stress. Indeed, it was
shown that in a high or chronic condition of ER stress, IRE1 through its RNAse activity
can lead to the degradation of the anti-apoptotic proteins, favoring the appearance of the
apoptosis [165]. For example, it was revealed that in a model of ER stress induced
pancreatic cells, through the inhibition of IREI, there is the promotion of cell survival

[166].
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2.2.4 APOPTOTIC CASCADE AND PROTEOTOXIC STRESS

It is well known that the proteotoxic stress can lead to apoptosis and in particular can
trigger the activation of the mitochondrial or intrinsic apoptosis [122]. Instead, less is
known about the role of extrinsic apoptosis, however it is clear that also this type of cell
death can occur [167]. Indeed, it was shown that after the activation of PERK, there is an
upregulation of the DRS5 [167-171]. Recent studies also reveal that DRS can be
upregulated not only by the activation of the UPR pathway, but also the presence of
unfolded proteins can directly interact with DRSS in the ER-Golgi Intermediate
Compartment (ERGIC). In this way, DR5 can be assemble in complexes that can trigger
the activation of caspase8, which is an activation different and independent from the
classical one lead by its extracellular ligand (Apo2L/TRAIL), as reported in Figure 2.11
[172]. This mechanism of activation is still not known with some hypothesis that try to
explain this, such as the increased levels of expression or the priming effect of misfolded

proteins [172,173].

The ER stress can also induce an inflammatory response, which results in the upregulation
of the receptors of TRAIL and subsequently the activation of NF-xB in a
caspase8/FADD/RIPK1 dependent manner. This can also induce the production of
cytokines in a ligand-independent manner, and this is seen in the protection observed in
DRS5-/- mice with inflammation induced by taxol [173]. All of these studies highlight that
TRAIL can be engaged in different manners and can give rise to different cellular

response depending on the context [174].
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Figure 2.11: Apoptotic pathways, both extrins;;‘aslid intrinsic, activated during the UPR response

Regarding the intrinsic apoptosis there is a group of proteins, called BCL2 family, which
are fundamental in the induction of cell death and have different roles in the UPR
response, as illustrated in Figure 2.11. BCL2 family members are a group of proteins that
are directly involved in the apoptotic cascade, and they could have a pro-apoptotic or an
anti-apoptotic role. All these types of proteins are present in the ER, and this could affect
the Ca®" concentration. [175]. Indeed, the anti-apoptotic ones can decrease the Ca*
concentration, instead the pro-apoptotic like BAX and BAK can augment it [176,177]. In
a situation of proteotoxic stress, the UPS through the accumulation of polyubiquitylated
proteins become blocked. This leads to the expression of proteins that are not stable and
some signaling pathways related to the cells fate are regulated. Two main UPS targets
that control the cells fate are IkBa (the inhibitor of NF-kB) [178] and TP53 [179]. After
UPS saturation, there are other apoptotic proteins that can accumulate both pro-apoptotic

and anti-apoptotic (like NOXA, BIM and MCL1) [41,180,181].

MCLI1 is a peculiar protein with a short half-life, and its role and stabilization are under
study with different inhibitors. For example, the multiple kinase inhibitor erlotinib can
increase the degradation through UPS of MCLI1, furthermore can upregulate NOXA
which can control the degradation of MCLI1 assisted by Mitochondria-Associated
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ubiquitin ligase MARCHS [182,183]. MCLI can be downregulated after the induction of
the PERK pathway in response to an ER stressor like thapsigargin [184]. At a
transcription level, the expression of MCL1 can be downregulated after the treatment with
N-glycosylation 2-deoxyglucose, through ATF4 [185]. However, MCL1 was revealed to
be upregulated in alive melanoma cells after treatment with an ER stressor and that MCL1

is the main responsible for their resistance to cell death [186].

Like MCL1, also the pro-survival proteins belong to the family of the IAPs (XIAP, cIAP1
and cIAP2 in mammals) can accumulate when there is UPS saturation derived from ER
stress [187], in this way these proteins can try to maintain the cells alive in a stress
situation. This switch between cell survival and cell death could be controlled through the
regulation of the IAPs. In fact, a proteotoxic stress related gene, regulated through the
master gene HSF1, called AIRAP, could control the levels of cIAP2 and the cell survival
[188]. Another example is given by the fact that the two common ER stressor tunicamycin
and thapsigargin can reduce the levels of XIAP. Furthermore, the translation of XIAP can
be reduced through PERK and ATF4 can promote its degradation [157].

BCL2, another anti-apoptotic protein of the BCL2 family, can be downregulated by
CHOP [156]. Furthermore, the activation of JNK by the IRE1 pathway induces the
phosphorylation of BCL2 and of another anti-apoptotic protein that is BCLXL. When
these two proteins are phosphorylated, they are inactive and this means that the apoptotic
cascade, induced by the ER-stress, lead to the switch off of all the anti-apoptotic proteins,
through different mechanisms [189,190].

One of the most important players in the apoptosis is the pro-apoptotic BCL-2 family
member NOXA. NOXA, in particular, is one of the BH3-only proteins and among them
is the smallest (only 54 residues), however its expression is dramatically increased in a
condition of proteotoxic stress [191]. The first studies on this protein define it as a TP53
target gene [192]. Nevertheless, it was later seen that its transcription could be potentiate
also in mechanisms that are p53 independent, for example in situation of stresses such as
oncogenic transformation or proteotoxic stress. In fact, NOXA depletion can weakens
apoptosis in the proteotoxic stress condition [193,194]. In the cell death cascade, NOXA

can have a dual role of both sensitizer and activator through its BH3 domain present inside
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the hydrophobic binding groove of both pro- and anti-apoptotic proteins. Regarding the
sensitizer role, NOXA can interact with MCL1, BCLXL, and BCL2A1, leading to the
release of some pro-apoptotic proteins like BAX and BAK, from the sequestration
operated by these anti-apoptotic proteins. Instead, as an activator, NOXA can activate and
promote the pro-death activity of BAX and BAK [195,196]. The expression of NOXA
can be upregulated through ATF4 in cooperation with ATF3 [197]. This means that
NOXA could be the mediator in the apoptotic cascade induced through the PERK/ATF4
axis like for example in the case of the cell starvation [185]. NOXA was also observed to
regulate the apoptosis induced by ROS production in the ER compartment or by the
classical ER stress inducer thapsigargin [198,199].

In order to activate the mitochondrial or intrinsic pathway of apoptosis, after proteotoxic
stress, there are also other mechanisms, which involved other BCL2 proteins. For
example, BIM/BCL2L11 and PUMA/BBC3 are other two BH3-only proteins that are
reported to be upregulated during the ER stress and their abrogation can change the cell
death response under proteotoxic stress [122,131,200]. While BIM was shown to be
induced by CHOP transcriptionally [201], PUMA was shown to be induced in several

cell lines when there is an ER stress stimulus [202].

Another important protein is BOK and its regulation relative to the proteotoxic stress
condition. In general, BOK, which is a pro-apoptotic protein of the BCL2 family, is less
expressed due to a short half-life of 15 minutes. However, during the ER stress condition,
the E3 ligases that control the BOK degradation is saturated and, in this way, BOK can
accumulate and induce the mitochondrial outer membrane permeabilization [203]. To
escape this system, the cancer cells use the chaperone DNAJB12 (JB12), which is a
member of the HSP40s, in order to control the degradation of BOK and maintain its low

levels [204].



INTRODUCTION

2.2.5 SUPPLEMENTARY CELL DEATH MECHANISMS INDUCED BY

PROTEOTOXIC STRESS

Beside apoptosis, other cell death mechanisms could occur during ER stress, as shown in

Figure 2.12.
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Figure 2.12: Additional cell death pathways induced during ER stress [205].
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Proteotoxic stress can indirectly favor the accumulation of ROS and an unbalance
homeostasis of the calcium. Both of these components lead to the dysfunction in the
process of elimination of the damaged proteins act by UPS and autophagy, triggered by
the presence of unfolded proteins and aggregates. This situation can directly alter ER and
mitochondrial activities and, in this way, begin an alteration in the levels of ROS and
calcium. The accumulation of these elements can be a signal for the cells to enter in cell
death programs. However, it is still not clear how these events cooperate with the begins
of the canonical apoptotic cascade. For example, it was shown that in some studies the
accumulation of oxidative stress is seen in the initial part of the proteotoxic stress induced
cell death [131,206]. What is clear is that the accumulation of these co-factors can induce
different types of cell death after the triggering of proteotoxic stress [207]. Nevertheless,
these different types of cell death induced by proteotoxic stress are still under
investigation [208,209]. In this context, it was also reported that CHOP could lead to the

induction of the transcription of Endoplasmic Reticulum Oxidoreductin 1 (EROla).
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ERO1la can induce the hyper-oxidation of the ER environment, and it was shown that
through a knockout of EROla in C. Elegans, the animal avoid the death induced by
tunicamycin [143]. All of these types of cell death are more necrotic-like cell death than
apoptotic ones, and in general they are an alternative response when the apoptotic
pathway is impaired. For example, in a model of cell death induced by the mutant
Huntingtin it was suggest a new model of switch from apoptosis to necrosis. Indeed, if
the mutant protein is soluble, the cells have the potential of the membrane of the
mitochondria hyperpolarized and the augmented levels of ROS induced apoptosis.
Instead, if the mutant protein is in the form of aggregates, the cells have a high decrease
in the potential of the mitochondria and go under quiescence with the result of the impair
of the apoptotic pathway, leading to a slow cell death through necrosis [210]. This switch
could be very interesting but needs to be verified with classical inducers of proteotoxic
stress. The presence of NRF2 could also impair the necrotic death induced by proteotoxic
stress, because it induces the creation of the autophagosomes in order to decrease the
levels of protein aggregates [211]. In addition, NOXA could have a role in the necrotic
type of cell death, as the mitochondrial targeting domains that are present in its structure

can induce the mitochondrial fragmentation and cell death though necrosis occurs [212].

A peculiar form of necrotic cell death is necroptosis, which can be seen as a program type
of necrotic cell death, and it is activated by the serine/threonine kinases Receptor
Interacting Protein Kinase 1 and 3 (RIPKI1 and RIPK3) with the assistance of the
pseudokinase Mixed Lineage Kinase domain Like (MLKL) [213]. Small compound that
induces necroptosis are able to trigger the UPR response, hence suggesting a possible
correlation among necroptosis and proteotoxic stress [214]. Nevertheless, is not an easy
task to understand if the UPR response could have a pro-survival effect or it directly act
as a part of the cell death pathway. For example, it was revealed that, in a study about
UPR in a canonical necroptotic model induced by the Tumor Necrosis Factor o (TNFa),
the two classical PERK inhibitor (GSK2606414 and GSK2656157) can inhibit also
RIPK1 [215]. RIPK1 has a plethora of functions and can also counteract the cell death
induced by proteotoxic stress. Indeed, the overexpression of RIPK1 can trigger the
autophagy cascade and can induce resistance from the cell death induced though ER stress

in melanoma cells [216]. Instead, in a model of hypoxia with UPR activation and ER
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stress condition, the role of necroptosis is not evident, while the role of pyroptosis through
activation of NRL family Pyrin domain containing 3 (NLRP3) inflammasome is more

evident with the action of Thioredoxin-Interacting Protein (TXNIP) [217].

Another particular type of cell death is an iron-dependent cell death called ferroptosis that
leads to the accumulation of lipids peroxides after the failing of the glutathione-dependent
antioxidant defenses [218,219]. However, there are not so many studies and evidences
that linked ferroptosis and proteotoxic stress, but it is possible that an association could
exist [220]. Indeed, several ferroptotic inducers can lead to the activation of the UPR
response [220]. As mentioned before, in the initial stage, the role of UPR could be seen
as a mechanism of pro-survival of the cells [221]. Nevertheless, the presence of ROS
accumulation could connect the ferroptosis and the ER stress. Glutathione peroxidases,
in fact, can mediate ferroptosis through the reduction of the presence of hydroperoxyl
groups of complex lipids and can reduce the activity of lipoxygenases. Furthermore, they
can also react with the protein isomerases in the process of oxidative protein folding

control acts in the ER [222].

The response of the cells to the proteotoxic stress inside the cell population could vary
between the cells, in fact, some cells could die, instead others could survive. The presence
of the chaperones is crucial in order to define this switch from proteostasis to
proteotoxicity, and the chaperone HSF1 resident in the ER can control it [223]. HSF1 is
a master gene regulator for the expression of the chaperones after the induction of
proteotoxic stress. Indeed, in this kind of stress condition, HSF1 is activated through
phosphorylation and it trimerizes and can induce the transcription of several chaperones
[224]. It was shown through a study that foci of HSF1 could be the ultimate decision
between life and death. In fact, when there is a continue stress, these foci can change from
fluid to a structure similar to a gel in which HSF1 is kept inside, in this way the chaperones

could not be transcribed, and cell death occurs [225].
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2.3 PROTEOTOXIC STRESS AS A TARGET IN THE ANTICANCER

THERAPY

2.3.1 CANCER CELLS AND PROTEOTOXIC STRESS

In general, the protein synthesis process is prone to error, and it has been revealed that
more than 30% of new synthesis protein are directly degraded into the proteasome in few
minutes after their translation [226]. These proteins that are rapidly degraded are the
Defective Ribosomal Proteins (DRiPs) or Rapidly Degraded Polypeptides (RDPs). It is
fundamental to remove immediately the DRiPs, because the accumulation of these
proteins can overload the proteasome and leads to proteotoxic stress [227]. The cancer
cells generally synthesize a lot a new proteins, because they need them to survive and to
escape from immunosurveillance, but for this reason the high rate of new synthesize
proteins leads to an accumulation of DRiPs compared to the normal cells [228]. Cancer
cell, for example, overactivate the mTORC]1 pathway that promote high synthesis of new
proteins, however this means that cancer cells have a strong dependence from the
proteasome in order to avoid high proteotoxicity [60,229]. The cancer cells try to maintain
the proteostasis, which is a fundamental status to stay alive, through the creation of
immunoproteasomes, which can be seen as secondary elements in order to reduce the
proteotoxic stress, and it was seen in cancer cells with mutation in RAS, PTEN, TSCI1, or
mTORCI1 [230]. Beside from the newly synthesize proteins, cancer cells are also
dependent from the environment, in fact in these cells, hypoxia, oxidative stress and
starvation are more present than in the normal cells and all of these conditions can induce

unfolded proteins and ER stress [122,131].

Proteotoxic stress could also be linked with the cellular metabolism, but this aspect needs
further investigations [231]. For example, it was revealed that a switch from the oxidative
metabolism to the glycolysis could generate cells resistant to the cell death induced by
the UPS inhibitor bortezomib. The study of the regulation of the status of the
mitochondria could be an alternative mechanism in response of proteotoxic stress and its

regulation could be interesting for the anticancer therapy [232].
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In parallel to the conditions related to the environment, in the cancer cells there is an
accumulation of genetic alterations that can in turn induce proteotoxic stress. Some of
these alterations are aneuploidy, copy number variations and point mutations [233,234].
Aneuploidy is generally associated with the presence of many stresses in the cancer cells
such as metabolic and oxidative stress [235]. Regarding the proteotoxic stress, the
aneuploidy can induce an unbalanced stoichiometry in the protein complex, causing
protein aggregation and later proteotoxic stress. Indeed, the aggregate proteins are
generated through an error in the expression of the subunits of the protein complexes due
to a wrong number of chromosomes. For this reason, these excess subunits need to be
degraded, however, in most of the cases, they aggregate generating ER stress, and on the
other hand, in order to restore the normal amount of proteins, the cells aggregate other
proteins to reduce the number of excess proteins [236]. Aneuploidy can also lead to
reduce the expression of HSF1, causing a defect in the expression of the fundamental
chaperones needed for the assistance in the protein folding. This reduces the expression
of HSP90s with an accumulation of unfolded proteins and the generation of proteotoxic
stress [237]. In addition, the overexpression of the genes can impair the normal
proteostasis [238]. In fact, the generation of wrong variants of the proteins could also

trigger the formation of unfolded proteins and aggregates [234].

Considering all these points, cancer cells need to upregulate all the mechanisms that can
reduce the proteotoxic stress in order to maintain the proteostasis and, in this way,
continue living, as also reported in the Figure 2.13 [239-241]. In fact, compared to the
normal cells, cancer cells are more dependent on the expression of the HSPs and from the
presence of UPS [242]. HSP90s and HSP70s are some HSPs fundamental for the cancer
cells, because these chaperones can help the cells to escape from signals that are more
related to the anti-proliferation, to the cell death and to the senescence. Furthermore, these
chaperones are also related to drug resistance, angiogenesis and metastasis, which are all
crucial stages for the survival of the cancer cells [243]. In a therapeutic perspective, try
to use small molecules able to impair these survival mechanisms of the cancer cells can
be a strategy in order to selectively kill these cells [244]. Many studies have reported the
development of new therapeutic strategies involving the abrogation of these survival

mechanisms, resulting in the unleash of high increase of proteotoxic stress [245,246].
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However, in some cases it was observed that the presence of proteotoxic stress can confer
a resistance in cells to other kind of small compound, for example in the case of HSF1
that confers resistance to lapatinib, which is an inhibitor of the Receptor Tyrosine Kinase

(RTK), in breast cancer [247].
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Figure 2.13: Different roles of the UPR for the survival of the cancer cells [248].
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2.3.2 TARGETING PROTEOTOXIC STRESS: DISCOVERY OF UPS INHIBITORS

The dysregulation of every element of the UPS can be involved in many pathologies, as
in the neurodegenerative diseases or cancer [249]. As mentioned before, cancer cells are
characterized by high levels of the 26S proteasome activity that constitutes a critical
advantage for cell survival. Indeed, in this way, they do not accumulate unfolded proteins
and they can avoid cell death. Instead, if the 26S proteasome is inhibited, the protein
disruption is stopped, and this results in the accumulation of polyubiquitylated proteins,
which leads to cell death. Numerous studies have demonstrated that the cancer cells are
more sensitive to the inhibition of the UPS compared to the normal cells [60,250]. For
this reason, finding compounds able to block this system have rising the attention of the

scientific community.

The first compound approved by the Food and Drug Administration (FDA) and by the
European Medicine Evaluation Agency (EMEA) for the use in clinic is bortezomib,
which is a reversible inhibitor of UPS [180,251]. Bortezomib is a dipeptidyl boronate,
which can bind the B5 subunit of the 20S core of the 26S proteasome and can block its
catalytic activity. This leads to the accumulation of polyubiquitylated proteins and the
begin of the apoptotic cascade. However, this UPS inhibitor is not completely specific for
the B5 subunit, in fact, it can inhibit also the B1 subunit and several other serine proteases
with a lower affinity, such as cathepsin A and dipeptidyl peptidase II. Regarding its
clinical use, it was approved for the treatment of relapsed or refractory multiple myeloma
[252], and it has been also studied in different hematological malignancies and solid
tumors, including non-Hodgkin’s lymphoma, prostate, breast and non-small-cell lung

cancers as single agent or in combinatory therapies [253].

Although bortezomib has shown promising results on diverse kind of cancers, the clinical
trials reveal that some side effects could appear, such as thrombocytopenia, neuropathies
and sometimes drug resistance. Indeed, possible mutations in the $5 subunit could impair
the efficacy of this drug and was also shown that the appearance of high peripheral
neuropathy, highlighted in the patients treated with bortezomib, can be due to the blocking

of non-specific targets. Moreover, another negative characteristic related with the use of
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bortezomib is the irreversibility of its binding to the B5 subunit of the 20S core, since it

means that the patients need a frequent administration of the drug [180,250,251].

The finding of bortezomib begins to put the attention on the discovery of new UPS
inhibitors, used as therapeutic agents, with the purpose to avoid the side effects generated
with bortezomib treatment, and they are illustrated in Figure 2.14. MLN9708, also called
ixazomib, is one of them and is the orally bioavailable analogue of bortezomib. It is still
under studying for hematologic and solid tumor through the Phase I/II clinical trials.
MLN9708 acts through a process mechanism in which, after its metabolization, it
becomes the active form of the drug, called MLN2238. The active form works as a
reversible inhibitor of the BS subunit of the 20S core [250,251]. Another UPS inhibitor is
marizomib, which differently from the other compound described, has a B-lactone-y-
lactam bicyclic ring in its structure without a linear peptide backbone. Like bortezomib
is an inhibitor of the B5 subunit of the 20S core, but, as well as bortezomib, can bind other
subunit of the 20S core (Bl and P2 subunits). Thus, also this compound shows
neurotoxicity in treated patients, however it seems effective in the treatment of multiple

myeloma and chronic lymphocytic leukemia [254].

Nevertheless, among all of these new proteasome inhibitors, up to now the best one
appears to be carfilzomib: this compound is a tetrapeptide epoxy-ketone, which is able to
bind and react with high selectivity with the 5 subunit of the 20S core, by an irreversible
bound (on the opposite of the mechanism of bortezomib). In addition, carfilzomib
demonstrates a reduced non-specific activity for the other § subunits of 20S core and for
the other serine proteases. Regarding its use in clinical therapy, it has been approved as a
single agent or in a combinatory strategy to treat the patients with relapsed and refractory
multiple myeloma [255]. The preliminary data obtained from the treated patients
highlight that, differently from bortezomib, carfilzomib does not show the presence of the
peripheral neuropathy, and this result augments the attention on this drug in a therapeutic
point of view for other types of cancer. Additionally, also for carfilzomib an orally
bioavailable analogue was developed, and it is called oprozomib. Oprozomib again
demonstrates promising results as antitumor agent in several kinds of cancer, such as
multiple myeloma, squamous cell carcinoma of head and neck, non-Hodgkins lymphoma

and colorectal cancer [256].
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Figure 2.14: UPS inhibitors and their mechanisms of action; all the small molecules identified
target subunits of the 20S core of the 26S proteasome [254].

2.3.3 G5: 4 PROMISING SMALL MOLECULE AS ANTICANCER AGENT

In addition to the opportunity to target the 20S core of the 26S proteasome, an increasing
amount of discoveries are displaying the possibility of targeting the DUBs present in the
19S regulatory subunit as potential therapeutic strategy in the cancer treatment. The
importance of the meaning of the role of the deubiquitylation process in a eukaryotic cell
is established by the pathological resulting effect due to its blocking. For example, the
chemical inhibition of the DUBs action induces the accumulation in the cytosol of
polyubiquitylated proteins and afterward the beginning of the proteotoxic stress
condition, which is lastly followed by the appearance of cell death [257]. For this reason,
some DUBs inhibitors have been developed, and their capability to induce cell death

through necrosis or apoptosis has been generally confirmed.

In particular, these inhibitors can be divided in two different groups: the selective
inhibitors, which can act on a specific DUB or on a limited and selected number of DUBs,
and the Non-Selective Isopeptidases Inhibitors (N-SIIs), which in contrast with the first
ones can impair the capacity of various and numerous isopeptidases [168,258]. Among
the N-SlIs, a new compound arises as a promising agent, which is called G5. G5 is a 4H-
thiopyran-4-one, tetrahydro-3,5-bis[(4-nitrophenyl) methylene]-1,1-dioxide that in its

structure present a cross-conjugated o, [ unsaturated dienone and two electrophilic
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sterically accessible carbons and its structure is represented in Figure 2.15. G5 can act as
Michael acceptor and its carbons can interact with nucleophilic species, such as the

catalytic cysteine of the proteins, among which there are the DUBs [259].
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Figure 2.15: Chemical structure of G5 [257].

Originally, it was verified that G5 can react with diverse DUBs as the proteasome-
associated DUB UCH-L5 and the deISGylase USP18 with a strong affinity, while it can
bind weakly UCH-L1 and USP2, through the inhibition of their deubiquitylating activity
[168,257,259]. To better recognize in vivo the intracellular targets of this compound, was
used a biotinylated version of G5, called 2c-biotin. The importance of find all targets is
related to understand how it is thinkable to improve the drug characteristics and to predict
the possibility of the appearance of possible side effects of the compound. This is an
important part of a study when the aim is to use eventually a new unknown compound in
clinic as a therapeutic agent. 2¢c-biotin was used in some experiments of biotin-pull down,
which show that this compound has a higher affinity in binding USP33 and USPI1,
compared to the bind with USP14, USP18 and UCH-LS. Interestingly, this compound
shows that it has the ability to bind some diverse targets that are totally not related to the
isopeptidases, such as the serine/threonine kinase Akt, typically involved in the cell
survival and growth regulation, and Cofilin-1, which is related to the process of the
cytoskeleton actin disassembling. All of these evidences demonstrate that this class of
inhibitors can cause extensive quantity of responses, since they can block various proteins
in addition to the isopeptidases and this could elucidate the strong anticancer activity

shown in vivo [260].
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The N-SII G5 can induce different cellular processes in the treated cells: the cytosolic
accumulation of polyubiquitylated proteins, the induction of the ER stress, the inhibition
of NF- kB pathway [261], the p53 stabilization [169], and the activation of some death
receptors and several pro-apoptotic proteins [ 168,245]. All these stresses let the cells start
a cascade of cell death induced through a BCL2-dependent but apoptosome-independent
pathway [41,168,209]. How this happens it still not perfectly clear, but it seems that some
machineries of death receptor pathway normally degraded by the proteasome are
involved, like DR4, DRS5 and their specific ligands [262]. Their accumulation alongside
with the decrease of anti-apoptotic c-FLIP expression levels, define a synergistic effect,
which could explain the initiation of the cell death independently from the apoptosome
[263]. In this context, it has been also demonstrated the influence given by the cytosolic
accumulation of DIABLO/SMAC, which can reinforce the DR-induced cell death. In fact,
DIABLO/SMAC can overcome the defense given by the anti-apoptotic BCL2 protein and
can free the effector caspases from IAP inhibition also in the absence of the apoptosome

formation [168].

Nevertheless, in contrast with bortezomib, the most fascinating feature of the N-SII G5 is
its ability to activate an unusual necrotic pathway in an apoptosis-resistance condition
[208]. This aspect has been shown in a study performed on glioblastoma cells, which have
an intrinsic apoptosis resistance and the greatest sensitivity to die by necrosis [264].
Initially, it was shown that the glioblastoma cell line U§7MG treated with a pan-caspase
inhibitor in order to obtain cells resistant to the apoptosis, die in a caspase-independent
manner after G5 treatment. Moreover, another study executed on murine embryonic
fibroblasts derived from mice double-deficient for BAX and BAK support the previous
evidence, because G5 can kill also those cells, which are apoptosis-resistant, through the

triggering of a necrotic pathway [168,208].

Regarding the necrotic cell death pathway induced by G5, less is still known about the
mechanisms and the possible interactors. A recent work published by our group, which is
part of this PhD thesis, that take advantage of a library of shRNA infecting U87MG cells,
was evaluated in order to better characterize this cascade, and one possible candidate
obtained, as an interactor for G5, was the Glycogen Synthase Kinase 3 B (GSK3p).
However, the knockout cells for GSK3, obtained through the CRISPR-Cas9 technique,
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show that those cells are still dying after G5 treatment, in a less way compared to the wild
type cells, demonstrating that this protein has only a minor role in the necrotic cascade
induced by G5 [206]. Up to now, it has been well described only the involvement of the
Protein Phosphatase 2A (PP2A) in this cell death pathway. In particular, the catalytic
activity of PP2A is augmented in response to the G5-treatment, resulting in an increased
dephosphorylation of one of its specific targets: the Cofilin-1 [209]. Cofilin-1 is an actin-
binding protein, characterized by a depolymerization activity controlled by the
phosphorylation state of the serine in position 3 [265]. Thus, in the G5-treated cells, the
N-SII, enhancing the activity of the phosphatase PP2A, induces the dephosphorylation
and, subsequently, the activation of Cofilin-1, which stimulates the depolymerization of
the actin filaments. This mechanism causes deep variations in the cytoskeleton and in the
cellular morphology, causing the loss of the cellular adhesion and then the cell death

[209].

2.3.4 THE BORN OF G5 DERIVATIVES: 2¢C, 2CPE AND 2CPP

The G5 induced cell death is still not clear, however this small compound seems
promising for a therapeutical approach, but it has problems in the delivery in vivo (for
example it is not soluble in aqueous systems), and for this reason many tentative were
done in order to optimize this drug for an in vivo study. Hence, G5 was later modified
through the vary of the positions of different atoms, thus obtaining G5 derivatives and the
structure of the most relevant is reported in Figure 2.16 [257]. US7MG cell line was used
in order to test all of these G5 variants, to better understand if they are able to induce
necrosis or apoptosis depending on the chemical substituents. One of the variants raise
the interest for its reactive -OH group and was called 2c. This -OH group is crucial
because it permits an easy modification in order to improve the drug characteristics, like
for example to improve the in vivo delivery [257]. Functional studies on 2c¢ inhibitory
activities revealed a less strong potential to inhibit DUBs such as UCHL1, UCHLS5 and
USP2, instead a stronger inhibiting effect on USP18 compared to G5. This functional
aspect has an important meaning in terms of the resulting cell death effect of the two

compounds, indeed, while G5 is more prone to induce necrosis, 2¢c seems to be more
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prone to induce apoptosis, thus it is plausible that the two compounds can interact with

different cysteine [257].

Despite the interesting differences between G5 and 2c, also 2c is not soluble in aqueous
solutions, hence in order to have a compound useful for the anticancer therapy, it is
important to modify 2¢ to improve the in vivo delivery. Firstly, 2c was conjugated with a
molecule of Polyethylene Glycol (PEG), which is fundamental for the increasing in terms
of solubility and bioavailability. 2c and PEG are conjugated through a sequence that can
be recognized by some esterases and the resulting 2¢ derivative was called 2cPE, which
represents the first N-SII pro-drug synthesized, and its structure is shown in Figure 2.16
[257]. By testing this compound on A549 lung carcinoma cell lines it was revealed that
the compound was able to induce cell death and that the conversion from the pro-drug to
the effective 2c is given by the esterase Phospholipase A2 Group 7 (PLA2G7) [258].
Considering the promising results, 2cPE was also tested in a xenograft model of A549
lung carcinoma in immunocompromised mice, demonstrating an anticancer activity

without any significant side effects [257].
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Figure 2.16: Chemical structure of 2¢ and 2cPE [257].
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A recently published work on leiomyosarcoma (LMS) cell lines, which is part of this
thesis, involve a new 2c derivate. In these cell lines 2cPE was incapable to induce cell
death due to probably a less expression of PLA2G7 by these cells, and for this reason,
another strategy was used. 2¢ was conjugated with PEG through a small peptide that could
be processed in the tumor microenvironment by several proteases (including
metalloproteinases and cathepsins). The generating pro-drug version of the compound
was called 2cPP and its structure is shown in Figure 2.17 [266]. 2cPP demonstrates to be
efficient in inducing cell death in both in vitro and in vivo models of LMS [266]. All of
these compounds, G5, 2¢ and all its derivatives are the main characters of the study
conducted in this thesis, because, despite their promising role as therapeutic agents, their

mechanism of action need to be elucidated.
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Figure 2.17: Chemical structure of 2cPP [266].
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3 AIM

One of the most significant challenges in the anticancer therapy is the fighting against
chemotherapy failure, in fact, cancer cells can acquire mutations and alterations, which
lead to drug resistance in order to keep the cell alive. For this reason, the discovery of
new therapeutic targets is critical to avoid tumor relapses and recurrence. UPS emerges
as a possible new target in this context, indeed its inhibition leads to an accumulation of
polyubiquitylated proteins that trigger cell death. The small molecule G5 is a N-SII, which
acts as a Michael acceptor in order to bind nucleophiles like the cysteines of the DUBs.
This compound can induce several stresses such as protein unfolding, glutathione
depletion, ER stress, proteasomal impairments, and cytoskeletal stress in the cells, which
lead to the activation of high rate of proteotoxic stress. This compound is able to trigger
a necrotic-caspase independent cell death in glioblastoma cells, however less is known
about its peculiar mechanism of action. Understanding the pathway by which this
compound acts could be fundamental in a therapeutic point of view. Thus, the aim of this
thesis was to better understand and clarify the pathways that are activated after the
treatment with this compound and which are the key players involved. A subsequent step
was the modification of this compound, which is not soluble in water, in order to have a
more efficient compound useful for in vivo studies. To address these points, G5 and its
derivatives were tested in glioblastoma cells, as they are reported to be more prone to die
for necrosis instead of apoptosis and in leiomyosarcoma (LMS) cells, since this tumor is
without therapeutic options. In particular, LMS is a tumor, which present a rare incidence
but with an aggressive behavior determined by the presence of complex karyotypes. For
this kind of tumors Doxorubicin treatments are the standard therapy, however, in many
cases is not sufficient to eradicate the tumoral cells, thus the tumor can recur and
metastasize. For this reason, new therapeutic options beside surgical resection need to be

found for this kind of cancer.
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3.1 SUMMARY OF THE PUBLISHED PAPERS

In order to better dissect the mechanism by which G5 can induce cell death, a shRNA-
based viability screen was performed in glioblastoma cells after treatment with GS5.
Among all the possible candidates emerging from this screening, GSK3f seems to be a
promising one. However, by testing G5 on glioblastoma cells knocked-out for GSK38,
cell death was still present, although at reduced levels, compared to the wild-type cells,
defining that this kinase is partially involved in the G5 cascade. We demonstrated that
GSK3p is a key element in the necrosis induced by the quinone DMNQ, a ROS generator.
When wild-type cells are treated with DMNQ, the kinase is activated and Akt is
inactivated. Furthermore, after the treatment, GSK3p is accumulated in the nucleus just
before the collapsing of the potential of the mitochondrial membrane. The absence of
GSK3p leads to a reduction of the accumulation of ROS after DMNQ treatment. We
demonstrate that this is due to an overexpression of the genes related to the detoxification
of the quinones (NQO1 and NQQO?2), probably through the activation of the Nrf2 pathway.
It is possible that, in the case of G5, GSK3 is responsible for the cell death response due

to redox unbalance.

G5 was subsequently modified to be more prone to be engineered in the new compound
2¢, which shows a more apoptotic than necrotic type of cell death in glioblastoma cells.
A bioinformatic analysis of a signature of genes, which are known to be upregulated after
2c¢ treatment, including various players involved in the proteotoxic stress response,
reveals a negative correlation between them and the survival of LMS patients. Starting
from this observation, we want to understand if the aggressive LMS can coexist with high
levels of proteotoxic stress or if they can reach a limit when they are challenged with an
increasing further proteotoxic stress, generating tumoral cells that are more vulnerable
and prone to cell death. We demonstrate that 2¢ can induce proteotoxic stress, cell death
and mitochondrial dysfunction in LMS cells. Moreover, through STED confocal
microscopy, we show that the treatment with 2c can lead to a peculiar re-organization of
DIABLO/SMAC at sub-mitochondrial level. In order to enhance the selectivity and the
efficacy for in vivo studies, 2¢ was later engineered to obtain 2cPP, a pro-drug of 2c and

a PEG linked though an aminoacid chain that can be cleaved from proteases present only
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in the tumor microenvironment. 2cPP seems promising, in fact, it can reduce the tumor

volume of different LMS xenografts in mouse models.

All the data described in this section have been already published and are reported in this
thesis in the section Publications. Thus, the subsequent Result section present in this
thesis will be focused on the recently obtained and still unpublished results regarding the

last months of the PhD working period.
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4 RESULTS

4.1 RNA-SEQ ANALYSIS: A COMPARATIVE STUDY BETWEEN

NORMAL AND TUMORAL CELLS IN RESPONSE TO 2C

2c is a small compound which, as well as its progenitor G5, is a N-SII that acts as a
Michael acceptor for nucleophiles like cysteines [245]. As demonstrated in the recently
published works, it is able to inhibit several DUBs leading to accumulation of
polyubiquitylated proteins, triggering cell death. The effects of 2c¢ are pleiotropic,
including the induction of oxidative stress and in particular proteotoxic stress and ER
stress [168,260]. LMS are rare and aggressive tumors that need new therapeutic strategies
and we have previously shown that these tumors are prone to accumulate proteotoxic
stress and are sensitive to cell death induced by 2c. For these reasons, LMS cell lines were
used as cellular models for this thesis. However, the mechanism of cell death triggered
by both G5 and 2c¢ is not fully elucidated and new discoveries of these mechanisms could
be fundamental in a clinical point of view. It seems, also, that this compound could be a
promising therapeutic agent, indeed its derivative 2cPP can induce tumor volume
reduction in LMS xenografts in mice [266]. Importantly, we show that 2¢ can induce cell
death in HUtSMC (cell line which can be considered as the normal counterpart of LMS)
but with lower rates compare to SK-UT-1 (LMS grade III cell line) [266]. For this reason,
the study of the gene expression differences between normal and tumoral cells after 2c
treatment is critical to unveil the diverse behavior of the cells treated with this compound,

which converge in a different level of cell death induction.

In order to better understand and clarify which genes are involved in the cascade induced
by 2c and to define the differences between normal and tumoral cells in terms of genes
expression, an experiment of RNA-Seq was performed. SK-UT-1 and HUtSMC,
immortalized with hTERT, cell lines were used in this experiment. The cells were treated
with 2c for 3 h or 12 h and RNA of both treated and untreated cells were extracted and

purify to be sequenced through RNA-Seq experiment. In order to confirm the efficiency
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of the treatment, in particular for the immortalized HUtSMC cells, the cells were also
treated for 24 h and cell death was assessed with TB (Figure 4.1A). The assay
demonstrates that 2c is able to induce high levels of cell death and that HUtSMC
immortalized with hTERT have lower cell death rate compared to SK-UT-1.

DEGs (differentially expressed genes) are divided between upregulated and
downregulated based on their expression identified as log2 fold change compared to the
untreated cells. Venn diagrams and the histogram representations show the different
number of genes upregulated and downregulated between the two cell lines and in the
two different time points (early gene at 3 h, late gene at 12 h) (Figure 4.1B-E). The number
of late genes, both upregulated and downregulated, are more than the earlier ones in the
two cell lines, probably due to an activation of several adaptive responses at later times.
Furthermore, a number of genes resulted regulated at both time points in both the cell
lines, which can be seen as maintained genes, demonstrating that there are genes
modulated throughout all the cascade induced by 2c. Moreover, the number of
upregulated genes is more of the downregulated ones, revealing that this compound can
enhance and favor the expression of the genes instead of reducing it. The critical
difference between the two cell lines is the fact that the number of genes, both upregulated
and downregulated, is higher in the normal cells, indicating that the effect of this
compound can induce the modulation of diverse genes in the normal cells, which can
induce many pathways in order to keep the cells alive. Instead, tumoral cells, which are
not able to counteract the effect of 2c, regulate less genes, suggesting that they directly

undergo to cell death programs.

The histograms relative to the p-value of the RNA-Seq analysis, can better clarify which
pathways are involved in the cell lines in the 2¢ response (Figure 4.1F-I). Considering the
upregulated genes, in both the cells are present genes related to the adhesion and the
component of the plasma membrane. However, only for HUtSMC can be found genes
related to the apoptotic process and the regulation of cell death. This regulation is
determine by the upregulation of the anti-apoptotic genes, instead the pro-apoptotic genes
remain unaltered, demonstrating again that the normal cells regulate processes related to
the cell death mechanisms to maintain the survival of the cells. Instead, SK-UT-1 regulate

genes related to the epigenetic regulation, probably by activating cell death programs.
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Interestingly in the maintained genes of both the cells are present genes upregulated in
MERS-CoV infection, this could be due to the fact that it is reported that Coranavirus,
during its replication, induces ER stress and activates UPR response [267]. Because it is
known that this compound triggers ER stress it is possible that genes in common with the
MERS-CoV infection resulted upregulated. Regarding the downregulated genes, in both
the cells are present genes related to the cell division, cell cycle and cell metabolism. In
fact, it has been reported that proteotoxic stress condition leads to promoting the cell cycle
arrest [268]. The data obtained highlight that the compound regulates the normal activities
of the cells related to the cell cycle by impairing them.

In the last Venn diagrams both the cell lines are put together and it is possible to identify
that some genes upregulated or downregulated are shared between them (Figure 4.1J-K).
However, the majority of the genes regulated after 2c treatment are not in common
between the two cell lines, suggesting that by further studying these genes it could be
possible to identify which are the critical genes that gave the strong different impact on
the cell survival after the treatment with 2c. This could have a huge importance in terms
of the selectivity of the compound between a tumoral cell and a normal one, and by
defining these critical genes, new small compounds with this ability can be developed to

be more precise in killing only the tumoral cells.
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Figure 4.1: Number of genes regulated after 2¢ treatment in HUtSMC and SK-UT-1. A) Countings
of the TB positivity expressing the percentage levels of cell death of SK-UT-1 and HUtSMC hTERT
treated with 2¢ 2.5 uM for 24 h. Data were from 3 experiments. Columns mean loss of viability +
SD. **%=p<(.005; B) and C) Venn diagrams representing the number of genes upregulated or
downregulated after 2¢ treatment (S pM) for 3 h or 12 h in HUtSMC hTERT (B) or in SK-UT-1
(C); D) and E) Histograms representing the number of genes upregulated (D) or downregulated (E)
after 2¢ treatment (5 pM) in HUtSMC hTERT and SK-UT-1 for 3 h (early), 12 h (late) or in
common between 3 h and 12 h (maintained); F) and G) Histograms representing the pathways and
their corresponding p-value values resulting upregulated after 2c treatment (5 pM) in HUtSMC
hTERT (F) or in SK-UT-1 (G) for 3 h (early), 12 h (late) or in common between 3 h and 12 h
(maintained); H) and I) Histograms representing the pathways and their corresponding p-value
values resulting downregulated after 2¢ treatment (5 pM) in HUtSMC hTERT (H) or in SK-UT-1
(D) for 3 h (early), 12 h (late) or in common between 3 h and 12 h (maintained); J) and K) Venn
diagrams representing the number of genes upregulated (J) or downregulated (K) after 2¢
treatment (5 pM) for 3 h or 12 h in SK-UT-1 and HUtSMC hTERT.
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4.2 DIFFERENTIAL GENES EXPRESSION BETWEEN NORMAL

AND TUMORAL CELLS

As seen before, there is a difference in terms of the rate of cell death between the cell
lines considered. For this reason, the expression value in log2 fold change of several
critical elements involved in cell death pathways was analyzed in this experiment. The
results presented in heatmap (Figure 4.2A) reveal that in SK-UT-1 the majority of the
pro-apoptotic genes are upregulated, such as PMAIPI, PUMA and BIM, with an increase
induction at 12 h, instead the majority of the anti-apoptotic genes are slightly
downregulated or not regulated. In the case of HUtSMC, the analysis shows that at 3 h
all the genes are only slightly regulated. At 12 h instead, PMAIP] is upregulated like SK-
UT-1, but the majority of all the genes are downregulated, both pro-apoptotic, such as
BOK, and anti-apoptotic, such as BCL2LI10, demonstrating a balance between the
different types of genes. Interestingly, the anti-apoptotic gene BCL2AI is strongly
upregulated highlighting that the cell tries to activate all the pathways in order to survive

and this is converted in the difference of the cell death rate between the cells.

LMSs have intrinsic high levels of proteotoxic stress and 2c is able to induce this type of
stress in the cells, for this reason, genes involved in the UPR pathway and related to the
ER stress were analyzed from the RNA-Seq data. The results in the heatmap (Figure 4.2B)
show strong similarity among the two cell lines, with in general an upregulation of the
most critical genes involved in this kind of pathway at 3 h, which is augmented at 12 h.
Instead the less critical are not regulated or downregulated. In particular, the genes
resulted upregulated are the ones related to the ATF network, such as ATF3, ATF4, CHOP
(DDIT3) and GADD34 (PPPIRI15A4), the UPR sensors, /IRE!l (ERNI) and PERK
(EIF24K3), several chaperones, such as DNAJB9 and HSPAS5 and in general genes
correlated with the UPR, such as HERPUDI, FGF21 and STC2. The analysis confirms
the sensibility of these cells to proteotoxic stress and that 2¢c enhance this stress conditions

with no strong differences between SK-UT-1 and HUtSMC.

All the data collected from the RNA-Seq experiment reveal several pathways that can be

modulated after the treatment with 2¢ and that the normal uterine cells have a different
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response compared to the tumoral ones, with the regulation of many genes in order to

keep the cells alive.
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Figure 4.2: Expression levels of cell death and proteotoxic stress response genes in HUtSMC and
SK-UT-1. A) Heatmap reporting the log2 fold change expression values of HUtSMC hTERT and
SK-UT-1 after 2¢ treatment (5 pM) for 3 h or 12 h of genes related to cell death pathways (in green
are reported the anti-apoptotic genes, in red are reported the pro-apopotic genes, in grey is
reported a gene which could be both anti-apoptotic and pro-apoptotic); B) Heatmap reporting the
log2 fold change expression values of HUtSMC hTERT and SK-UT-1 after 2c treatment (5 pM) for
3 h or 12 h of genes related to proteotoxic stress response.
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4.3 COTREATMENT SCREENINGS TO IDENTIFY THE BEST

PARTNER FOR 2C

The induction of cell death and proteotoxic stress by 2c¢ in LMS, both in cell lines and
animal models, was already demonstrated [266]. However, a small part of the cells could
remain alive and maybe could become resistant to the treatment, in particular by using a
low dosage which can be a good idea in a therapeutic point of view. Furthermore, the
RNA-Seq analysis reveals that 2¢ can induce many different pathways and that this can
help converging with the increasing of proteotoxic stress. For this reason, a good strategy
could be to find another small compound, which acts as an inhibitor of a define protein
or group of proteins or a pathway to put together in combination with 2¢ during the

treatment.

As possible candidates for the combined treatment, several different kinds of small
compounds were used which have diverse mechanisms of action or target. In particular,
were chosen: genotoxic agents, which induce DNA damage, that are commonly used in
the therapy of the LMS (Doxorubicin [269] and Gemcitabine [270]), general inhibitors of
various signaling kinases (MK2206, inhibitor of Akt [271], XMD8-92, inhibitor of
MAPK?7 [272], Torinl, inhibitor of mTOR [273], YKL-06-061, inhibitor of Salt Inducible
Kinases (SIKs) [274] and Selumetinib, inhibitor of MEK1/2 [275]), HDACsSs inhibitors
commonly known or discovered in our lab (SAHA [276], TMP195 [277] and NKL54),
well known autophagy inhibitors (Bafilomycin Al and Chloroquine [278]), small
compounds that inhibit the BCL2 family (ABT199 [279] and ABT263 [280]) and the
IRE1 inhibitor MKC3946 [281].

In order to select the best candidates, a short screening was performed by cotreating LMS
cell lines with 2¢ in combination with one of the compounds described above or each
compound alone for 24 h. The experiment was made with three types of LMS cell lines:
SK-UT-1, SK-LMS-1 (grade I LMS) and DMR (grade III metastatic LMS). The results
were assessed through the quantification of the PI positivity of the cells in order to
discriminate which cells are alive and which are dead (Figure 4.3A-C). The three cell

lines show a similar behavior among all the cotreatment and single treatment, but with
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different levels of positivity as expected from the previous results. In fact, the cell death
rates are higher in SK-UT-1 and DMR, which are more aggressive, compared to SK-
LMS-1. However, considering that the results are comparable in terms of trends, for the

next experiments only SK-UT-1 were used.

This cell death screening reveals that the single cotreatment of all the small compounds
is not able to induce high levels of cell death in 24 h, but when those inhibitors are used
in combination with 2c, they can all increase the cell death rates of 2¢ alone (except for
the case of Torinl in SK-LMS-1). However, the additive effect is not the same for all the
compounds. In fact, the majority of the inhibitors can increase the amount of cell death
by 5 % that is very low and were excluded for the next experiments. Those excluded
compounds are: the genotoxic agents, the HDACs inhibitors and some signaling kinases
inhibitors. Only five compounds, which resulted with a strong statistical significance in
increasing cell death in SK-UT-1, were considered as possible candidates, and they are:

Torinl, YKL-06-061, Chloroquine, ABT263 and MKC3946.

The five candidates were used to understand if they could increase not only the amount
of cell death, but also the amount of proteotoxic stress, as was previously demonstrated
that high levels of proteotoxic stress can lead these cells to be more prone to cell death.
In order to verify this point, an immunoblot was performed to see the levels of the
phosphorylated form of eIF2a at residue Ser51, which means an activation of this protein
due to the activation of PERK, after the induction of the UPR response to high levels of
proteotoxic stress [123]. This was done by a single treatment or a cotreatment of the cells
for 4 h, as we reported that the induction of proteotoxic stress in these cells after 2c
treatment is early (Figure 4.3D). The results show that Torinl, ABT263 and MKC3946
are not able to activate e[F2a alone and they do not augment the levels of p-elF2a induced
by 2c. On the contrary, YKL-06-061 and Chloroquine can activate elF2a and augment
the levels of p-elF2a induced by 2c. The results were also confirmed through

densitometric analysis of the ratio between p-elF2a and elF2a (Figure 4.3E).

The screening regarding the proteotoxic stress reveals that YKL-06-061 and Chloroquine
could be good candidates, but because the levels of cell death induced by Chloroquine

alone are the highest compared to the other compounds, it was excluded in order to avoid
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too much toxicity. However, because it induces the highest additive effect of cell death

rate and due to its involving in ER stress, also MKC3946 was selected as a candidate.
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Figure 4.3: Results of the cotreatment screenings in order to define the best combination with 2c.
A), B) and C) Countings of the PI positivity expressing the percentage levels of cell death of SK-UT-
1 (A), SK-LMS-1 (B) and DMR (C) treated with 2¢ 2.5 pM alone or in combination with
Doxorubicin 25 nM, Gemcitabine 10 nM, MK2206 10 pM, XMD8-92 1 uM, Torinl 100nM, YKL-
06-061 1 pM, Selumetinib 1 pM, SAHA 2.5 pM, TMP195 20 pM, NKL54 S pM, Bafilomycin A1 1
uM, Chloroquine 1 pM, ABT199 100nM, ABT263 100 nM, MKC3946 10 uM for 24 h. Data were
from 3 experiments. Columns mean loss of viability + SD. *=p<0.05, **=p<0.01, ***=p<0.005; D)
Immunoblot of elF2a and p-elF2a for SK-UT-1 treated with 2¢ 2.5 pM alone or in combination
with Torinl 100nM, YKL-06-061 1 pM, Chloroquine 1 pM, ABT263 100 nM, MKC3946 10 pM for
4 h. Actin was used as loading control; E) Densitometric analysis of the immunoblot show in D).
Columns mean ratio between optical density of p-eIF2a and elF2a relative to untreated cells + SD.
**=p<0.01.
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4.4 THE PECULIAR EFFECTS ON PROTEOTOXIC STRESS OF
MKC3946

In the 2c¢ cotreatment screening, MKC3946 shows that it can increase the cell death rates
of 2c, but it is not able to increase its induction of p-elF2a, probably due to its ability
inhibit the critical sensor IRE1. Regarding the data of cell death, in the screening this
compound was the one that gives the highest additive effect in terms of cell death. For
this reason, a new cell death assay assessed through TB positivity was performed with a
dose dependent concentration of 2¢ in combination with MKC3946 (Figure 4.4A). The
results highlighted that the most significant augment of the cell death rate compared to
the single treatment is obtained with the lowest concentrations of 2¢ (0.5 uM, 1 uM and

2.5 uM).

In order to have another assay to verify the proteotoxic stress presence in the cells, the
activation of IRE1 was assessed. IRE1, in fact, when is activated can process XBP1. This
protein is generally unspliced (uXBP1), but when is processed by IRE1, a spliced form is
generated (sXBP1) [134]. This processing can be visualized through an agarose gel, with
EtBr, in which are loaded the PCR products, which amplify XBP1, derived from RT-PCR
of the RNA extract from the cells [282]. Firstly, the processing was assessed by treating
cells with only 2¢ in a time course (1 h, 2 h, 4 h ad 6 h) with two different concentrations
(5 uM and 10 uM) (Figure 4.4B). The results reveal that 1 h is not enough to induce the
processing (in case of 10 uM is slightly visible), instead from 2 h the presence of sXBP1
is clearer and is completely evident at 4 h. This result confirms the induction of

proteotoxic stress by 2¢ with another assay and considering another UPR sensor.

MKC3946 is an inhibitor of IRE1 and with this assay it could be possible also to assess
its efficiency to block the processing of XBP1. Only in this case was done a dose
dependent treatment of MK(C3946 (1 uM, 5 uM and 10 uM) alone or in combination with
2¢ (5 uM and 10 uM), all at 4 h when the eventual processing is clear (Figure 4.4C). The
result shows that MKC3946 is not able to induce the processing of XBP1 alone and that

only the concentration of 10 uM, which was the one used also in the screening, can inhibit
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IREI resulting in the block of the processing of XBP1 after the 2¢ treatment. Indeed, only
with that concentration sXBP1 is not appearing, and this concentration was used for all

the other experiments.

The ability of MKC3946 to block the UPR response was subsequently assessed through
the evaluation of the expression of two chaperones: HSPAIA and HSPA6. We previously
demonstrated that after 2c treatment at early time points, the expression of these
chaperones is dramatically augmented, due to the fact that the cells try to avoid the
increasing of proteotoxic stress [266]. The expression of these genes was now assessed
with the combination of 2¢ (5 uM and 10 pM) and MKC3946 at 4 h (Figure 4.4D-E). The
results, as expected, show a strong increase of the mRNA levels of both the genes of both
single 2¢ and combined treatment, however the levels are lower when 2c¢ is in presence
of MKC3946. Instead, MKC3946 alone is not able to induce the expression of the
chaperones. Together all these data demonstrate that MKC3946 can reduce the UPR
response also in the presence of a strong inducer of ER stress, such as 2c¢. In this way, the
cells are highly dying not for a strong accumulation of proteotoxic stress, but due to the

impossibility of the cells to activate a survival program.
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Figure 4.4: Characterization of the cell death pathway induced by the combination of 2¢ and
MKC3946. A) Countings of the TB positivity expressing the percentage levels of cell death of SK-
UT-1 treated with 2¢ (0.5 pM, 1 pM, 2.5 pM, 5 pM or 10 pM) alone or in combination with
MKC3946 10 pM for 24 h. Data were from 3 experiments. Columns mean loss of viability + SD.
**=p<(.01, ***=p<0.005; B) Visualization of the processing of XBP1 on agarose gel after PCR
amplification. Samples derived from SK-UT-1 treated with 2¢ (5 pM or 10 pM) for several time
points (1 h, 2 h, 4 h and 6 h). Actin was used as loading control; C) Visualization of the processing
of XBP1 on agarose gel after PCR amplification. Samples derived from SK-UT-1 treated with 2¢ (5
pM or 10 pM) alone or in combination with MKC3946 10 puM for 4 h. Actin was used as loading
control; D) and E) mRNA levels expression of HSPA1A (D) or HSPA6 (E) of SK-UT-1 treated with
2¢ (5 pM or 10 pM) alone in combination with MKC3946 10 pM for 4 h. Data were from 3
experiments. Columns mean loss of viability + SD. *=p<0.05, **=p<0.01, ***=p<0.005.
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4.5 CELL DEATH AND PROTEOTOXIC STRESS ACTIVATION:
COMPARISON BETWEEN MKC3946 AND YKL-06-061 IN

COMBINATION WITH 2C

SIKs, and in particular SIK?2, are reported in many articles to be involved in the regulation
of the ER stress. Indeed, these kinases can potentiate the activation of the UPR response
in case of proteotoxic stress [274]. For this reason and for all the evidence seen before,
the broad SIKs inhibitor YKL-06-061 was investigated, by comparing its effects with
MKC3946 in terms of 2¢ additive effect.

Firstly, cell death rate was better investigated by performing a dose dependent treatment
of 2c in combination with MKC3946 or YKL-06-061 for 24 h in both SK-UT-1 and the
immortalized HUtSMC, in order to assess the toxicity in a more normal context. To be
sure to not exclude candidates from the previous screening wrongly, one of the
compounds that do not give a strong additive effect was assessed in the same experiment,
which is ABT199 (Figure 4.5A-F). The results, by evaluating TB positivity, confirm that
ABT199 is not able to potentiate in a strong way the cell death induced by 2c in both cell
lines. Instead, both of the other two compounds can induce an additive effect in terms of
cell death rate of 2c in SK-UT-1, in particular YKL-06-061 can lead to the strongest
additive effect. However, the two compounds can also potentiate, in a lower way, the cell
death induced by 2¢ in the immortalized HUtSMC, and also here in particular the effect
is higher in the case of YKL-06-061. Interestingly, the dose in which the additive effect
is more evident and significant is the lower ones, like for what was observed before for
only MK(C3946. Indeed, at higher concentrations, the effect of 2¢ is too strong also alone
and the additive effect is less clear, especially in the case of MKC3946. For this reason,

for the next experiments 2¢ was used with the concentration of 0.5 pM.

Proteotoxic stress induction was subsequently assessed through the evaluation of some
markers, both in immunoblot and by PCR. A time course of 3 h and 12 h of the single
treatment and the cotreatment of 2¢ with MK(C3946 or YKL-06-061 was performed. As

seen before, p-elF2a is a marker of the activation of elF2a, activated by PERK, one of
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the main sensors of the UPR response. The immunoblot, presented in Figure 4.5G, shows
that MK(C3946 alone is not able to induce elF2a phosphorylation. Furthermore, it seems
not able to potentiate the phosphorylation also in the combination with 2¢. Densitometric
analysis (Figure 4.5H) reveals also that in the case of 3 h of cotreatment, the presence of
MKC3946 slightly reduces the phosphorylation induced by 2¢. On the contrary, YKL-
06-061 can induce alone the activation of eIF2a, at both 3 h and 12 h, and the combination
with 2¢ shows a strong activation of the protein, as also reported with densitometry
(Figure 4.5G-H). Another method to assess the induction of ER stress condition is given
by testing the activation of IRE1, another sensor of the UPR response. As shown before,
this can be done by visualizing on an agarose gel the presence of sXBP1, a spliced form
of XBP1 processed by IRE1 when it is activated under proteotoxic stress (Figure 4.51).
The result regarding MKC3946 confirms what was seen before: MKC3946 is not able to
induce XBP1 processing, but it can avoid the processing effect induced by 2c by
inhibiting IRE1. Instead, the presence of YKL-06-061 does not have an impact on the
processing of XBP1. Indeed, this compound alone does not induce the processing of
XBP1 and in the cotreatment it does not change the levels of the processing induced by

2c. All the results are the same in both the time points.

Beside the UPR response, the activation and the regulation of the chaperones is critical
for the cell survival in a proteotoxic stress context. HSF1 is the master gene regulator that
acts by controlling the expression of the HSPs in order to restore the proteostasis
condition. Its activation can be observed through the levels of its phosphorylation of the
residue Ser326 in immunoblot [224]. The results related to the evaluation of the levels of
p-HSF1 in immunoblot, and with the relative densitometry (Figure 4.5G-H), are similar
to what was observed for p-elF2a. Indeed, the single compounds alone have different
behavior on the activation of the protein at 3 h: MKC3946 does not activate, YKL-06-
061 induce a low activation, 2c give the highest activation. At 12 h the results are the
same but with lower levels of activation. Considering the combination of the compounds,
the presence of MKC3946 slightly decrease the levels of phosphorylation induced by 2c
alone at 3 h, instead at 12 h the combination promotes a bigger reduction of the levels of

p-HSF1. YKL-06-061, instead, can highly increase the levels of phosphorylation of HSF1
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compared to 2c alone at 3 h, however, this additive effect is reduced at 12 h observing

similar levels with 2¢ alone.

Taken together, these data about the cotreatment demonstrate that the combination of 2¢
with these two small compounds highly augment its levels of cell death induction,
however, regarding the activation of proteotoxic stress response programs the two

compounds work by different mechanisms but generating the same result.
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Figure 4.5: Comparison of the effects on cell death and proteotoxic stress response between the
combination of 2¢ with MKC3946 and with YKL-06-061. A), B) and C) Countings of the TB
positivity expressing the percentage levels of cell death of SK-UT-1 treated with 2¢ (0.5 pM, 1 pM,

2.5 pM, 5 pM or 10 pM) alone or in combination with MKC3946 10 pM (A), YKL-06-061 1 pM (B)
or ABT199 100 nM (C) for 24 h. Data were from 3 experiments. Columns mean loss of viability +
SD; D), E) and F) Countings of the TB positivity expressing the percentage levels of cell death of

HUtSMC hTERT treated with 2¢ (0.5 pM, 1 pM, 2.5 pM, 5 pM or 10 pM) alone or in combination

with MKC3946 10 pM (D), YKL-06-061 1 pM (E) or ABT199 100 nM (F) for 24 h. Data were from

3 experiments. Columns mean loss of viability + SD; G) Immunoblot of elF2a, p-elF2a, HSF1 and

p-HSF1 for SK-UT-1 treated with 2¢ 0.5 uM alone or in combination with MKC3946 10 uM (on the
left) or with YKL-06-061 1 pM (on the right) for 3 h or 12 h. Actin was used as loading control; H)
Densitometric analysis of the immunoblot show in G). Starting from the left, the first two
histograms are related to the cotreatment between 2¢c and MKC3946, instead the other two are
related to the cotreatment between 2¢ and YKL-06-061. Columns mean ratio between optical
density of p-elF2a and elF2a or between optical density of p-HSF1 and HSF1 relative to untreated
cells + SD. *=p<0.05, **=p<0.01; I) Visualization of the processing of XBP1 on agarose gel after
PCR amplification. Samples derived from SK-UT-1 treated with 2¢ 0.5 pnM alone or in combination
with MKC3946 10 pM (on the left) or with YKL-06-061 1 uM (on the right) for 3 h or 12 h. Actin
was used as loading control.
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S DISCUSSION

The discovery of new therapeutic targets is one of the most fundamental and critical
aspect of anticancer research. Indeed, the frequency of the chemotherapy failure gives
rise to the necessity to achieve this goal and new drugs need to be found. This problem is
caused mainly by the appearance of mutations and alterations, which leads to the

chemotherapy resistance, resulting in recurrence of the tumors [283].

Cancer cells are more prone to have high levels of proteotoxic stress due to the necessity
of these cells to produce a huge number of proteins in less time, generating misfolded or
unfolded proteins. These can lead to an accumulation of damaged proteins that triggers
proteotoxic stress. For this reason, these cells are highly dependent from the mechanisms
involved in the reduction of proteotoxic stress, such as chaperones, proteins related to the
UPR response and UPS [242]. In fact, chaperones are fundamental in the drug resistance

and metastasis to maintain the tumoral cells alive [243].

Using small molecules able to block these survival mechanisms could be a good strategy
as promising therapeutic option. Most of these strategies lead to a further raising of the
proteotoxic stress, which, in this way, could not be counteracted by the cancer cells,
triggering the activation of cell death programs [246]. Nevertheless, the induction of

proteotoxic stress could also lead to cell death resistance in some cases [247].

Among all the possible targets leading to the induction of proteotoxic stress, UPS arises
as a promising one [200]. UPS is fundamental in the disruption of the unfolded proteins
and is constituted by several elements critical for its correct work. Between all of its
elements, DUBs are isopeptidases able to remove the ubiquitin chain from the damaged
proteins, leading them to the translocation in the proteasome to be degraded. Their
inhibition triggers the accumulation of polyubiquitylated proteins, generating proteotoxic

stress and cell death [168].

2c is a small compound with a structure derivates from the diaryldienone, which can
alkylate the nucleophiles like the cysteine. It can act as a N-SII by interacting with the

cysteines of the DUBs [245]. However, due to its non-selective nature, it was observed
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that could also bind other target not related to the UPS or the proteostasis control [260].
Because of this, 2¢ can induce many kinds of signaling pathways in the cells through the
activation of different stresses, such as oxidative stress [206]. All of these dysfunctions

lead to the incapability of the cells to counteract this situation and lead to cell death.

LMS was chosen as a model of study due to its high malignancy and by the fact that has
few therapeutic options. Furthermore, we demonstrated that this kind of tumor have
intrinsic high levels of proteotoxic stress, and that this scenario could lead to the
incapability of these cells to handling increasing proteotoxic stress. We have also
demonstrated that 2c can induce in LMS cell lines proteotoxic stress, cell death and
mitochondrial dysfunction. Regarding this point, by STED confocal microscopy, we
reveal that 2c can reorganize the subclusters of DIABLO/SMAC present in the
mitochondria. We also demonstrate the efficacy of a 2¢ derivative (2cPP) in vivo in LMS

xenograft mouse models by reducing their tumor volume [266].

Despite its promising activity, less is known about the cell death mechanism induced by
2c and also about which genes are modulated after the treatment with this small
compound. For this reason, an RNA-Seq experiment was performed, in order to better
describe which genes or pathways are regulated by 2¢c. The experiment was done at two
different time points and comparing a tumoral LMS cell line and its normal counterpart.
The result reveals similarities and differences between the two cell lines, explaining why
the normal cells are more resistant to the cell death induced by this small molecule. In
general, the normal cells modulate more genes, both upregulated and downregulated,
compared to the tumoral ones, probably in order to find a correct program that help
reaching the cell survival. In fact, it was reported that this tissue can activate anti-

apoptotic pathways in order to keep itself alive [284,285].

This analysis reveals the different pathways activated by the two different cells in the case
of the upregulated genes. Epigenetic genes seem more regulated by this compound for
tumoral cells, instead the apoptotic cascade is regulated in the normal cells, suggesting a
way to survive. Cell adhesion is also regulated by both the cells, and this could be related
to the fact that the only known gene involved in the 2c¢ cascade is Cofilin-1, a gene related

to the activity of the actin microfilaments [209]. This differential response of the two cells
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could be due to a diverse activation of the pathways, which leads to cell survival of the

normal cells.

In relation to the cell death mechanism, the tumoral cells upregulate pro-apoptotic genes
and downregulate anti-apoptotic genes, suggesting again the activation of cell death
mechanism. The results are in line with previous evidences about the fact that LMS are
more prone to die via apoptosis and that in this circumstance they can activate pro-
apoptotic proteins [286]. Furthermore, it was already shown in the literature that the
expression of the anti-apoptotic gene BCL2, is less compared to the ones present in other
benign sarcoma tumors (leiomyoma) [287]. Instead, the normal cells have a broad diverse
response: in fact, both pro-apoptotic and anti-apoptotic genes are downregulated
suggesting the creation of an equilibrium, which confers to these cells a status of cell
death but with lower rates compared to the tumoral ones. Moreover, the strong
upregulation of the anti-apoptotic gene BCL2A41 leaves the balance tending to cell

survive.

As expected from the previous published results, the majority of the genes related to the
proteotoxic stress result upregulated, and this upregulation is reported also in the normal
cells, but with lower levels. Thus, confirms the fact that 2c can induce high levels of
proteotoxic stress in these cells. However, despite both the cells can activate genes related
to the reduction and control of the proteotoxic stress, the tumoral cells could not manage
this huge amount of stress, instead the normal cells are able to reduce the proteotoxic

stress generated by 2c, generating less amount of cell death.

A recent work regarding the gene expression of normal uterine smooth muscle cells and
different types of leiomyosarcomas demonstrates that both genomic profiles of the two
kinds of cells have similar gene expression but with critical differences, which can
differentiate also LMS from other tumors [288]. Furthermore, a gene profiling analysis
between normal myometrium and LMS shows that LMS present an overexpression of
pathways related to cell cycle, DNA damage and genome integrity. In fact, cell cycle
regulation is critical in the sarcomagenesis and the upregulation was reported for CDC?7,

CDC20, GTSEI, CCNA2, CCNBI, and CCNB2 [289,290]. In addition, our data support



DISCUSSION

this evidence of the modulation of the cell cycle in this kind of tumors and further

investigation are needed.

This preliminary analysis on the result of this RNA-Seq experiment confirms the
involvement of proteotoxic stress in 2c cell death cascade and that those normal cells
activates different pathways from the tumoral ones for the survival, with a huge number
of genes modulated. Further studies will have the aim to better understand and dissect the
entire cascade of pathways and genes activated during the treatment with 2c. Another
crucial point will also be the study of the critical elements that permit the differences in
cell death rate between normal and tumoral cells. However, the possible interaction with
other pathways lead to think about a possible combination of treatment of 2¢ with other

small compounds.

Cotreatment of cancer cells with a combination of small molecules was reported in many
cases, in order to obtain an additive or a synergistic effect [291,292]. 2¢ can induce high
levels of cell death in LMS, however, it needs high concentrations. Discovering a small
compound, which can potentiate its activity when is used at low doses, could have a strong
impact for the cancer treatment. The enhancing activity was assessed through the cell
death levels and the induction of proteotoxic stress, as we demonstrated that these kinds

of tumors are sensitive to the presence of strong proteotoxic stress.

To define the best small molecule to combine with 2c, a screening to assess the enhancing
of cell death was performed, revealing that the common genotoxic agents used in the
LMS therapy do not have an impact on cell death induced by 2c. Despite from RNA-Seq
is clear that epigenetic regulation could be involved in this mechanism, the HDACs
inhibitors used do not potentiate the cell death induced by 2c. The screening was focused
also on inhibitors of signaling kinases, autophagy, BCL2 family and IRE1l. After
assessing the induction of cell death, the proteotoxic stress condition was evaluated
through verifying the activation of elF2a, a downstream protein of the UPR sensor PERK.
This second screening permits to exclude the inhibitors of BCL2 family and the inhibitors
of the signaling kinases (except for YKL-06-061), which are not able to augment the

activation of this protein. In addition, the inhibitors of autophagy were excluded due to
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the fact that they can induce cell death alone generating too much toxicity. In the end, the

best candidates were YKL-06-061 and MK C3946.

MKC3946 is an inhibitor of IRE1, which is another UPR sensor, thus directly involved
in the ER stress. It was proposed as a novel therapeutic approach for the treatment of
multiple myeloma [282]. The combination of 2¢ with this inhibitor shows high additive
effect in terms of cell death rates, in particular at low doses of 2c, thus suggesting a
promising usage as combined therapy. However, it is not able alone to induce the
activation of elements related to proteotoxic stress and also it does not potentiate their
activity in combination with 2c. Indeed, we show that the activation of elF2a and HSF1
is similar or slightly reduced comparing 2c alone and the combination with MKC3946,
in particular, the activation of HSF1 resulted more reduced at 12 h in the case of the
combination. Furthermore, the expression of the chaperones HSPAIA and HSPA6
resulted reduced with this combination compared to 2¢ alone. Moreover, after assessing
that 2¢ can induce the processing of XBP1 (downstream target of IRE1), we demonstrate
that the presence of MK(C3946 blocks this splicing phenomenon, confirming the ability
of this small compound to inhibit IRE1. All our data are in line with previous evidences
reported by Mimura et al. in a model of multiple myeloma, indeed, they show that
MKC3946 can block the activation of IRE1. Moreover, it can affect also to the activation
of all the UPR response and the expression of the chaperones. Additionally, they reported
that MKC3946 can potentiate the activity of bortezomib, which is another UPS inhibitor,
also at low doses, sustaining the promising effect of this compound [282]. The potential
combination of MKC3946 and bortezomib was also seen in a model of Acute Myeloid
Leukemia, confirming that targeting IRE1 could be a new therapeutic strategy [281]. This
combination was also seen to be crucial in another context that is the bone formation

[293].

YKL-06-061 is a broad inhibitor of SIKs (SIK1/2/3) and arises as a promising therapeutic
agent. These kinases have different roles in the cellular context and among these, they
can also contribute in the proteostasis [274]. In particular, SIKs can potentiate the
activation of the UPR response pathway by favoring the activation of the sensors PERK
and IRE1 [294]. SIKs have an important role in the tumoral context, in fact, they can help
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sustaining the survival of the cancer cells and promoting the tumorigenesis [274]. Thus,
their inhibition could represent a future target of clinical relevance. In our conditions what
we observed is that YKL-06-061 can strongly potentiate the cell death induced by 2c, in
particular at low doses, and also can promote the activation of elF2a and HSF1, especially
at 3 h, suggesting that the inhibition of these kinases leads the cells to highly activate the
UPR response. Moreover, the presence of YKL-06-061 alone can slightly induce the
activation of elF2a and HSF1. Regarding the processing of XBP1 the presence of YKL-
06-061 combined with 2c¢ does not affect the appearance of the sXBP1. SIKs and in
particular SIK2, can modulate and control CREB1 which is directly involved in ER stress
[274]. Despite this role, it was observed from other authors that the knockdown of SIK2
induces the upregulation of several genes related to the ER stress and the UPR, such as
critical chaperones [295]. Furthermore, the knockdown of endogenous SIK2 or the
expression of its mutated form leads to an impairment of the degradation of the ERAD
substrates, leading to the disruption of the ER homeostasis. In this way, the cells continue
activating ERAD and UPR pathway in an uncontrolled way [296]. All these evidences

support our data, which seem to be in line with what is reported in literature.

These experiments of cotreatment show that both the inhibitors can highly increase the
cell death rates induced by 2c, also using low doses of 2¢, suggesting that they could be
promising candidates in a possible therapeutic view. However, both the inhibitors
increase the levels of cell death induced by 2¢ in immortalized HUtSMC, a normal
counterpart of the tumoral LMS cell line SK-UT-1. This result could be a limit for the
usage in a therapeutic approach, nevertheless using the combination of these small
compounds with the 2c¢ derivative 2cPP could be a strategy in order to avoid that the drug
directly impact on the normal cells. In fact, it was previously shown that 2cPP is not
working in HUtSMC because the normal cells are not able to process this pro-drug
version of 2c¢ [266]. With this strategy it could be also possible, if the in vitro results
would be promising, to design an in vivo experiment with the treatment of LMS xenograft

in mouse models with 2¢ and the combination with these two inhibitors.

Considering the proteotoxic stress induced in LMS after 2¢ treatment, the two inhibitors

work in a different modality. In fact, MKC3946 can reduce the activation of HSF1,
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resulting in a reduction of the chaperones expressions, and block the UPR response by
blocking IRE1. Moreover, it seems that also it can induce the reduction of the activation
of elF2a. On the contrary, YKL-06-061 promotes the activation of elF2a and HSF1 and
has no effect on IRE1. The final resulting proposed model is that MK(C3946, besides
inhibiting IREI1, can reduce the activation of alternative signaling pathways needed to
reduce the proteotoxic stress induced by 2c. In this way, the cells cannot recover to
proteostasis status and undergo to cell death. Instead, YKL-06-061 potentiate the
activation of all the signaling pathways related to the UPR response, except for IRE1.
However, the level of activation of these pathways is too high and this leads to a switch
from a pro-survival mechanism to a pro-death mechanism. Further studies are
fundamental to better dissect the mechanism induced by the combination of these
compounds. For example, studying the implications of the ATF network, which could be
seen as a link between cell death and proteotoxic stress, could give new insights also in a

therapeutic point of view.

All the data collected in this PhD project defining 2¢ as a promising therapeutic agent for
the treatment of LMS, despite its mechanism of action is still not completely defined.
Although this study focuses the attention on LMS, it is possible that our findings could
also be applied in other tumoral context in which proteotoxic stress is intrinsically

elevated, leading to a strong challenge to the cancer cell survival.
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6 MATERIALS AND METHODS

6.1 CELL CULTURE CONDITIONS AND CHEMICAL REAGENTS

USED

For all the experiments were used leiomyosarcoma cell lines of different malignancy
grade (SK-UT-1, SK-LMS-1 and DMR). As a normal control were used the primary
Human Uterine Smooth Muscle Cell line (HUtSMC) obtained through ATCC, within
eight passages. As packaging cells for the retroviral infection were used the Phoenix
Amphotropic (AMPHO) cells. All the cell lines were maintained in culture in an incubator
at 37 °C and with an atmosphere of 5 % CO,. The medium used to cultivate all the cells
is Dulbecco's Modified Eagle's Medium (DMEM; Euroclone) supplemented with 10%
Fetal Bovine Serum (FBS; Euroclone), glutamine (2 mmol/l; Euroclone), penicillin (100
U/ml; Euroclone) and streptomycin (100 pg/ml; Euroclone). All the cells were frequently
tested as mycoplasma negative using Hoechst 33258 (Sigma-Aldrich) staining under
microscopic inspection. The chemical reagents used are: 2¢ [257], Doxorubicin (Sigma-
Aldrich), Gemcitabine (CSN Scientific), MK2206 (Sigma-Aldrich), XMD8-92 (CSN
Scientific), Torinl (Sigma-Aldrich), YKL-06-061 (CSN Scientific), Selumetinib
(MedChemExpress), SAHA (Cayman Chemicals), TMP195 (MedChemExpress),
NKL54 (synthetized by SIA Chemspace, Riga, Latvia), Bafilomycin Al (Sigma-
Aldrich), Chloroquine (Sigma-Aldrich), ABT199 (CSN Scientific), ABT263 (Sigma-
Aldrich), MKC3946 (MedChemExpress), Propidium lodide (PI; Sigma-Aldrich), Trypan
Blue (TB; Sigma-Aldrich), Ethidium Bromide (EtBr; Sigma-Aldrich), Dimethyl
Sulfoxide (DMSO; Sigma-Aldrich).
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6.2 RETROVIRUS INFECTION OF HUTSMC CELLS

Because HUtSMC is a primary cell line of normal cells, after several passages they
undergo to natural cell death due to the achievement of the Hayflick limit. For this reason,
it was decided to immortalize this cell line, by using the human hTERT telomerase and
to obtain this result a retroviral infection of these cells was done. Firstly, AMPHO
packaging cells were used in order to produce the virus and were transfected with a
plasmid containing the human hTERT (pBABE-hTERT) or with the empty vector
(pBABE-Neo) for the control, through the calcium phosphate method. The transfected
cells were incubated for 48 h at 32 °C. Next, the viral particles present in the supernatant
of the AMPHO cells were collected, diluted 1:1 with fresh medium, added with polybrene
(8 ng/ml), filtered through 45 um filters and used to infect HUtSMC cells, which were
previously seeded at the concentration of 80000 cells/ml. After 24 h at 37 °C, the virus
was removed by changing the medium and then, the infected cells were selected using

the correct antibiotic (G418; Sigma-Aldrich).

6.3 DRUG TREATMENT OF THE CELLS

For the drug treatment, all the cells were seeded at the concentration of 80000 cells/ml
(only for DMR 120000 cells/ml), and one day after seeding, were treated. The treatment
was done with: 2¢, another small compound or with the combination of 2¢ and that single
small compound. DMSO was used in the untreated cells. Regarding 2c, its concentration
was decided based on each experiment, with these different concentrations: 0.5 pM, 1
uM, 2.5 uM, 5 uM or 10 uM. For the other chemicals, one decided concentration was
used for all the experiments: Doxorubicin 25 nM, Gemcitabine 10 nM, MK2206 10 uM,
XMD8-92 1 uM, Torinl 100 nM, YKL-06-061 1 uM, Selumetinib 1 uM, SAHA 2.5 uM,
TMP195 20 uM, NKL54 5 uM, Bafilomycin A1 1 uM, Chloroquine 1 pM, ABT199 100
nM, ABT263 100 nM, MKC3946 10 uM. The duration of every treatment varies based
on each experiment. After the treatment, the cells were collected for cell death counting,

to obtain a cell protein lysate or for RNA extraction.
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6.4 CELL DEATH COUNTING

The cells were seeded and treated as written above, and the treatment was performed for
24 h. Cells were than trypsinized and centrifuged to obtain a pellet. After several washes
with Phosphate Buffer Saline (PBS), the pellet of the cells was resuspended in 100 ul of
PBS and incubated with PI 10 pg/ml or TB 0.1 % for 5 min at RT. The fluorescence
intensity positivity of PI in the cells or the cell positivity to TB was determined through

Countess II FL automated cell counter (Invitrogen).

6.5 PRODUCTION OF THE CELL PROTEIN LYSATES AND

IMMUNOBLOT

The cells were seeded and treated as written above. After the treatment, the cells were
lysed in order to purify its protein contents. The lysis was made through a denaturing lysis
solution containing Sodium Dodecyl Sulfate (SDS), in which were added Phenylmethane
Sulfonyl Fluoride (PMSF), as a protease inhibitor, and B-mercaptoethanol to destroy the
disulfate bound. Cells were scraped with this solution and the collected protein lysates
were sonicated for 5 min at 4 °C and next they were boiled for 5 min. Subsequently, the
now denatured proteins were loaded in a polyacrylamide denaturing gel (containing
SDS), in order to perform the electrophoresis (SDS-PAGE). After the electrophoretic run,
the proteins present were transferred from the gel to a 0.2 um-pore-sized nitrocellulose
membrane, though a full wet transfer system. The obtained membrane was incubated in
a solution of Tris HCI pH 7.5 1 M, NaCl 5 M and Tween-20 (Sigma-Aldrich) containing
non-fat dry milk 5 % (Delikat Gramm) or, only for the phosphorylated antibodies, Bovine
Serum Albumin 5 % (BSA; HyClone), for 1h at RT in order to block the aspecific sites.
Later, after several washes in PBS with Tween-20, the membrane was incubated with the
primary antibody diluted in the same solution described above (using non-fat dry milk 5
% for all the antibodies except for the phosphorylated ones where is used BSA 5 %)
overnight at 4 °C. The primary antibody used are: anti-eIF2a (1:1000; Cell Signaling
Technology), anti-p-elF2a Ser51 (1:1000; Cell Signaling Technology), anti-HSF1
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(1:1000; Cell Signaling Technology), anti-p-HSF1 Ser326 (1:5000; Abcam), anti-Actin
(1:8000; Cell Signaling Technology). Then, after several washes in PBS with Tween-20,
the membrane was incubated with the secondary antibody diluted in the same solution
described above (using non-fat dry milk 5 % for all the antibodies) for 1 h at RT. The
secondary antibody used is a goat anti-rabbit (1:4000; Sigma-Aldrich) conjugated with
the horseradish peroxidase. Lastly, the blot derived from the membrane was developed
by using Super Signal West Dura as recommended by the vendor (Pierce Waltham). The
resulting signal was impressed, though chemiluminescence reaction on a photographic
film. Densitometric analysis was performed using ImageJ to evaluate the ratio between

the phosphorylated form of a single protein and the total form of the same protein.

6.6 RNA EXTRACTION AND QRT-PCR

The cells were seeded and treated as written above, and the treatment was performed for
4 h. TRIzol (Sigma-Aldrich) was used to lyse the cells in order to extract the RNA, and
the resulting samples were collected. Then, chloroform was added to the samples, in this
way, RNA can be separated from the other contaminants (DNA and proteins). The
collected RNA was precipitated through using isopropanol and the obtained pellet was
washed two times with ethanol 75 %. The RNA pellet was dried and resuspended with
sterile nuclease-free water. 1 pg of extracted RNA was used in order to perform Retro-
Transcription PCR (RT-PCR). RT-PCR was executed using a mixture of the RNA with
several critical components for the reaction: 5x First Strand Buffer (Invitrogen),
dithiotreitol (DTT; 0.1 M; Invitrogen), dNTPs Mix (2.5 mM; Thermo Scientific), oligo
dT (20 uM; Eurofins Genomics), random primers (Invitrogen), RNase OUT Recombinant
Ribonuclease inhibitor (30 U/ul; Invitrogen), and the reverse transcriptase enzyme, the
Moloney Murine Leukemia Virus (M-MLV; 200 U/ul; Invitrogen). After RT-PCR, the
obtained cDNA was assessed through quantitative Real Time PCR (qQRT-PCR) using the
SYBR Green (KAPA Biosystems) technology for the following genes: Glyceraldehyde
3-phosphate dehydrogenase (GAPDH), Hypoxanthine-guanine
phosphoribosyltransferase (HPRT), Heat shock protein family A (HSP70) Member 1A
(HSPAT1A) and Heat shock protein family A (HSP70) Member 6 (HSPA6). The resulting
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data were analyzed using the AACt method considering HPRT and GAPDH as normalizer

genes. All the reactions were performed in triplicate.

6.7 RT-PCR AND EVALUATION OF THE XBP1 PROCESSING

The cells were seeded and treated as written above. After treatment, RNA was extracted
from the cells as described above. 1.5 pg of extracted RNA was used in order to perform
Retro-Transcription PCR (RT-PCR). RT-PCR was executed as described above, but
without using oligo dT, replaced by the double amount of random primers. After RT-
PCR, the obtained cDNA was used to perform a PCR using KAPA Biosystems
Polymerase for the following primers: XBP1 Forward 5’-

CCTGGTTGCTGAAGAGGAGG-3’ and XBP1 Reverse 5’-CCA
TGGGGAGATGTTCTGGAG-3’, BActin Forward 5’-
GGGTCAGAAGGATTCCTATG-3’ and BActin Reverse 5-

GGTCTCAAACATGATCTGGG-3’. The thermal conditions for the PCR are: initial 5
min at 95° C, then 30 cycles of 30 sec at 95 °C, 30 sec at 60 °C and 30 sec at 72 °C and
finally 7 min at 72 °C. To evaluate the XBP1 processing, the PCR products were load
into a 2.5 % agarose gel and visualize through Gel Doc 2000 (Bio-Rad) using EtBr as
DNA intercalant.

6.8 RNA EXTRACTION AND PURIFICATION FOR RNA-SEQ

The cells were seeded and treated as written above, and the treatment was performed for
3 hor 12 h. In order to extract and purify the RNA required for the RNA-Seq experiment,
was used an RNA extraction kit called Quick-RNA MagBead kit (Zymo Research)
following the manufacturer’s instructions. Briefly, cells were lysed with a lysis buffer
present in the kit and the lysates were collected through scrapers. Magnetic beads were
added to the lysates and through isopropanol present in the kit buffers, the RNA was
precipitated and bind to the magnetic beads and recovered by using a magnetic support.
After several washes with the kit buffers and ethanol, DNasel present in the kit was added

to the samples in order to avoid DNA contamination. Finally, after other several washes
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with the kit buffers and ethanol, RNA was eluted from the magnetic beads by resuspended
it in sterile nuclease-free water. 3 pg of each extracted RNA was used for the RNA-Seq

analysis.

6.9 RNA-SEQ ANALYSIS

RNA-Seq library preparation and sequencing were performed at Biodiversa s.r.l.
(Rovereto (TN), Italy) following Illumina specifications. All the subsequent RNA-Seq
analysis was performed by the Bioinformatic Unit of the Department of Medical Area of
the University of Udine (Dott. Raffaella Picco and Dott. Emiliano Dalla) and by Prof.
Claudio Brancolini. Data quality assessment was performed with fastqc and ShortRead
library. Raw reads were clipped form their adapter sequences using the Trimmomatic
software. Reads with an overall sequence mean Phred quality lower than 28 were
discarded. The selected reads were mapped to the reference genome, downloaded from
Ensembl (version 104) using STAR. Using the same tool, we checked whether RNA-Seq
library are strand-specific or not. The resulting sam files were sorted and converted in
bam files using samtools. Transcript assembly and quantification were done with
StringTie. A Python script was used to extract all the read count information directly from
the files generated by StringTie. Two CSV files containing the count matrices for genes
and transcripts were obtained. Differential-expressed genes were identified using DESeq2
library in R. The thresholds applied were log2 fold change (|log2 FC|) >1 and FDR <0.05.
Venn diagrams were created with VennDiagram (v1.6.20) or with the Venn diagram tool

by the bioinformatics and evolutionary genomics group at VIB/Ghent University.

6.10 STATISTICS

All results are expressed as means =+ standard deviations (SD) from at least three
independent experiments. All the statistical analysis done was performed using a
Student’s t test on Excel software with p values represented as follows: *P<0.05;

**P<0.01; ***P<0.005.
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GSK3p is a key regulator of the ROS-dependent
necrotic death induced by the quinone DMNQ

Sonia Ciotti', Luca luliano”, Sebastiano Cefald', Marina Comelli’, Irene Mavelli®, Eros Di Giorgio1 and Claudio Brancolini’

Abstract

Signaling pathways controlling necrosis are still mysterious and debated. We applied a shRNA-based viability screen to
identify critical elements of the necrotic response. We took advantage from a small molecule (GS) that makes covalent
adducts with free thiols by Michael addition and elicits multiple stresses. In cells resistant to apoptosis, G5 triggers
necrosis through the induction of protein unfolding, glutathione depletion, ER stress, proteasomal impairments, and
cytoskeletal stress. The kinase GSK3[ was isolated among the top hits of the screening. Using the quinone DMNQ, a
ROS generator, we demonstrate that GSK3[3 is involved in the reqgulation of ROS-dependent necrosis. Our results have
been validated using siRNA and by knocking-out GSK3p with the CRISPR/Casd technology. In response to DMNQ
GSK3[3 is activated by serine 9 dephosphorylation, concomitantly to Akt inactivation. During the quinone-induced pro-
necrotic stress, GSK3B gradually accumulates into the nucleus, before the collapse of the mitochondrial membrane
potential. Accumulation of ROS in response to DMNQ is impaired by the absence of GSK3[. We provide evidence that
the activities of the obligatory two-electrons reducing flavoenzymes, NQO1 (NAD(P)H quinone dehydrogenase 1) and
NQQO2 are required to suppress DMNQ-induced necrasis. In the absence of GSK3{ the expression of NQO1 and NQO2
is dramatically increased, possibly because of an increased transcriptional activity of NRF2. In summary, GSK3( by
blunting the anti-oxidant response and particularly NQOT and MQO. expression, favors the appearance of necrosis in
respanse to ROS, as generated by the quinone DMNQ.

Introduction In cells deficient for apoptosis cell death can still occur

In multicellular organisms cell death processes regulate
organogenesis and tissue homeostasis. These forms of
cellular demise have been generally considered as pro-
grammed cell death". Noxious insults can also trigger
cell death, as the result of an unmanageable damage.
These varieties of cell elimination belong to the group of
the accidental cell death®*. Programmed and accidental
cell deaths can be accomplished by the engagement of
distinct signaling pathways, which activate both common
and distinct molecular machineries devoted to cells
elimination'”~’. Apoptosis is a cell autonomous and
evolutionary conserved genetic program, evolved to fina-
lize a harmonious cellular disassembling.

Correspondence: Claudio Brancolini (claudiobrancolini@uniud.it)
'Department of Medicine, Universit degli Studi di Udine. Ple Kolbe 4, 33100
Udine, Italy

Edited by A. Finazzi-Agro
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through alternative mechanisms. Moreover, certain sti-
muli can directly engage alternative death pathways such
as ferroptosis or necroptosis(’_g. Necrosis can also be
triggered by noxious insults and apoptosis and necrosis
can, in some conditions, co-exist. Despite the mechanisms
controlling cell death by apoptosis are well-known, the
existence of specific molecular players regulating necrosis
is still debated®.

G5 is a non-selective isopeptidases inhibitor that can
react with cellular thiols, thus eliciting multiple cellular
stresses' "', G5 belongs to a family of compounds that
have been synthetized and investigated for the ability to
commend accidental death in cancer cells, with ther-
apeutic perspectives'®~**, Protein misfolding, ER-stress,
deubiquitinases inhibition and accumulation of poly-
ubiquitylated proteins, glutathione depletion, alterations
of the actin cytoskeleton and of the cell adhesion mark the
cellular response to G5. In cells resistant to apoptosis this

‘Open Access Thisarticle is icensed under a Creative Commans Attribution 4.0 Intemational Licerse, which permits use, sharing adaptation, distribution and reproduction
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permission directly fram the copyright halder. To view a copy of this license, visit http/creativecommons.org/licenses/by/ 4.0/,
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plethora of stresses can result in a necrotic death, which is
distinguishable from necroptosis'''*!*, However, few
additional data are available about the signaling networks
transducing this peculiar form of necrosis.

G5, due to its pleiotropic effects, represents an ideal
compound to identify genes controlling different stress
signaling pathways that ultimately conduct to a necrotic
death. For this reason, we conducted a functional shRNA-
based screening aimed to identify genes that can influence
cell survival in response to this compound. We used as a
model the glioblastoma cell line US7MG, which activates
necrosis when treated with high doses of G5'*'*,

Results
shRNA screen to identify elements of the necrotic death
induced by the proteotoxic stressor G5

To identify genes controlling G5-induced necrosis, we
conducted a shRNA-based survival screen, using Cellec-
ta’s Lentiviral shRNA Library Module 1. This module
targets 5046 signaling pathway associated genes and
consists of 27.500 shRNAs. For every target are present
from 5 to 6 different shRNAs. US7MG cells were chosen
as cellular model, because of their propensity to die by
necrosis in response to G5'%. The screen was based on the
hypothesis that U87MG cells expressing a shRNA, tar-
geting a gene necessary for the G5-induced cell death,
would show a survival advantage and would be over-
represented after sequencing,.

The infection and the selection scheme is described in
Fig. la. Briefly, after 2 days of recovery from infections,
cells were treated with puromycin and, after 3 days of
selection, G5 was added for 60 h. Genomic DNA was
extracted from the surviving cells and the abundance of
every integrated shRNA-specific barcode was amplified by
PCR with vector-specific primers and identified using
high-throughput (HT) sequencing. The deconvolution
and normalization of the reads for each barcode, respect
to control shRNAs (against the Luciferase), has revealed
the identity of the most enriched shRNAs. The relevant
"hits” were defined when at least three different shRNAs
were enriched in comparison to the median value of the
control shRNAs targeting the luciferase (1541 reads) or
the median value for all shRNAs (1490 reads). In order to
isolate genes that could play key functions in transducing
the necrotic signal, we imposed that the second shRNAs
was to be enriched >3 fold compared to the median value.
In this manner we selected 371 genes (Fig. 1b and Table
S1). Among the top target genes we identified: RNASEL,
POUSFI, GSK3B, CAPN1, and DUSP10. We focused the
attention on glycogen synthase kinase-3 p (GSK3p) for
two main reasons. First GSK3p can be activated under
specific stress-conditions and it is involved in the reg-
ulation of cell death pathways in different cellular con-
texts” %, Second, among other represented hits
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interacting proteins, regulators and substrates of GSK3[3
were found. These include Calpain-1 (CAPN1)*®, the
protein phosphatase-1 (PPP1)*?, and the substrate MAP2
(Fig. 10)™.

Validation of CAPN1 and GSK3p as genes transducing G5-
induced necrosis

The involvement of CAPNI1
responses is well established®!. To validate CAPN1 as an
effector of the G5-induced necrosis, we silenced its
expression using a siRNA targeting a different region of
the gene. In addition, a siRNA against PP2AC was used as
positive control'®,

In comparison with the control transfected cells,
U87MG cells silenced for CAPN1 or PP2AC were par-
tially protected from G5-induced cell death (Fig. 1d). The
potency of the silencing was confirmed by the reduction
of the respective protein levels (Fig. le).

Next, we validated GSK3P as an element of the G5-
induced cell death pathway. Its expression was silenced in
U87MG and U8S87MG/BCL-XL cells, with a siRNA tar-
geting a different sequence, respect to those recognized by
the shRNAs isolated with the screening. U87MG/BCL-XL
cells were used to further exclude the induction of
apoptosis. In both cell lines the silencing of GSK3p only
modestly decreased G5-induced necrosis (Fig. 1f).

The modest impact of GSK3p silencing in the necrotic
pathway triggered by G5 could be the consequence of the
low silencing efficiency. In fact, ~40% of the mRNA is still
expressed after transfection (Fig. 1g). To unambiguously
clarify this point, we applied the CRISPR/Cas9 system to
knock-out GSK3p in U87MG cells (Fig Sla). After the
screening of 253 clones, a GSKSﬂ_”_ clone (number 19)
was identified. The immunoblot analysis demonstrates the
complete absence of the GSK3p protein in these cells in
comparison with two clones of GSK38""* cells, which
underwent the same selection (Fig. 1h). The {'S'SK.B’,I_'T”Ur
control US7MG cells were infected with Cas9 without the
sgRNA (indicated as control cells). Clone 63 was infected
with both Cas9 and the sgRNA but resulted as a clone still
WT for GSK3B, after the screening (indicated as
WT cells). Genomic DNA Sanger sequencing of GSK38
loci in the three cell lines demonstrated the insertion of a
T in the exon 1, two nucleotides after the PAM, in the KO
clone and the presence of a WT GSK3p in the clone 63
and in the WT control (Fig. S1b). The insertion of a T
causes the frameshift and the appearance of a STOP
codon. Only the first 10 aa of GSK3f can be translated in
the GSK38 '~ cells. This event explains the absence of the
GSK3p protein (Fig. 1h). Having proved that GSK38~'~
cells do not show overt deficits in their proliferative
capacity (Fig. Slc), US7MG/GSK3"" and US7TMG/
GSK3B™'~ cells were treated with G5 for 24 h. Similarly to
the silenced cells, US7MG/GSK38™'~ cells acquired some

in different necrotic
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Fig. 1 Screening protocol and targets validation. a Schematic representation of the screening protocal. 66.x 10° millions of cells were infected
with the lentiviral particles containing the shRNA plasmids with a MOI of 0,1 for 2 days. For the selection of the expressing-shRNAs, cells were first
grown in the presence of puromycin (2 pg/ml) for additional 3 days and subsequently treated with G5 (2.5 uM) for 60 h. Surviving cells were
harvested to recover the genomic DNA. b Representation of the most enriched hits. Data are represented as fold enrichment respect to the median
of all shRNAs. The enrichment is relative to the second most abundant shRNA. Only shRNA with a fold increase >3 are shown. ¢ Hits that are in
relationship with GSK3P as up-stream regulators or downstream effectors. d UB7MG cells were silenced for CAPN1 and PP2AC and, after 48 h from
transfection, they were treated with G5 (2.5 uM) for 24 h. Cell death was calculated as percentage of cells positive to Pl staining using cytofluorimetric
analysis. Data are from three experiments; +SD. e Cellular lysates from the silenced cells were analyzed by immunoblot. Antibodies anti-CAPN1, anti-
PPZAC, and anti-Actin (as loading control) were used as indicated. f US7MG and UB7MG-BCLXL cells were silenced for GSK30. After 48 h they were
treated with G5 (25 pM) for further 24 h. Cell death was calculated as percentage of cells positive to Pl staining using cytofluorimetric analysis. Data
are from three experiments; +SD. g qRT-PCR analysis of GSK3f mRNA levels in silenced cells. Data were from three experimerts; +5D. h Immunoblot
analysis of GSK3p levels in the indicated clones of UB7MG cells, selected after CRISPR/CasS mediated knock-out. Actin was used as loading contral. i
Cytoflucrimetric analysis were performed to measure the % of Pl positivity in the different UBZMG clones treated with G5 (10 uM) for 24 h. Data are

presented as mean+ SD. n=3.

resistance to G5-treatment (Fig. 1h). The moderate
resistance to G5-treatment is evident only at high con-
centrations and after prolonged periods of treatment
(24 h) with the drug (Fig. S2a, b). This observation further
suggests the induction of a necrotic form of cell death.
G5-induced cell death is poorly affected by inhibitors of
necroptosis or of ferroptosis (Fig. S2a, b). In summary,
GSK3p plays a partial contribution in transducing
necrotic signals elicited by G5.

GSK3 is a critical transducer of DMNQ-induced oxidative
death

G5 triggers pleiotropic stresses, which can drive cells to
death through different pathways. Proteasome impair-
ment, misfolding and proteotoxic stress, oxidative stress
and cytoskeletal malfunctions are all hallmarks of the G5-
induced cell death''™'* The partial impact of GSK3p
could stem from the co-existence of these multiple
pathways. Since GSK3( can be involved in regulating
ROS-induced cell death®* %, we hypothesized that its
involvement in G5-induced death could depend on the
ability of the compound of triggering oxidative stress. The
impact of G5 on oxidative stress could be direct, through
the depletion of glutathione or indirect, through the
induction of protein misfolding'*. To prove this hypoth-
esis, we selected the redox-cycling 2,3-dimethoxy-1,4-
naphthoquinone (DMNQ), a well-known inducer of
oxidative stress. DMNQ toxicity is mediated by ROS
production via one-electron-based redox cycling*®. When
US7MG cells were treated with DMNQ, GSK38 ' cells
showed a strong resistance to death (Fig. 2a). To exclude a
clone-specific effect, the contribution of GSK3p to
DMNQ-induced cell death was validated by RNAI
DMNQ-induced cell death was effectively compromised
also after GSK3p silencing (Fig. 2b). The decreased level of
GSK3p in the corresponding silenced cells was confirmed
by the immunoblot analysis (Fig. 2c). Finally, we proved
that also menadione, another quinone, requires GSK3p to
efficiently trigger cell death (Fig. S3a). In summary,

Official journal of the Cell Death Differentiation Association

GSK3p plays a partial role during G5-induced cell death
and a fundamental role during DMNQ-induced cell
death.

GSK3p kinase activity is required for DMNQ-induced
oxidative necrotic death

To further confirm the role of GSK3p in transducing
DMNQ-induced oxidative death, we re-expressed GSK3[3
in UB7MG/GSK3™"~ cells. The GSK3p wild type (W'T)
and its kinase dead mutant (KM), carrying the K85A aa
substitution were both C-terminal GFP-tagged. As con-
trol we also expressed GSK3p and its mutant in U87MG/
GSK3B™'" cells. Immunoblot analysis confirmed the
expression of the different GSK3p fusions in GSK38 '~
and GSK38"'" cells (Fig. 2d). The same cells expressing
only the neomycin resistance gene were used as control
(Neo cells). Cell death in response to DMNQ was
recovered only in U87MGIGSKBE_J_ cells re-expressing
the GSK3B-WT. Restoring only GSK3p expression with-
out the catalytic activity (KM mutant) was insufficient to
recover the necrotic defect of the KO cells (Fig. 2e).
DMNQ-induced cell death is largely caspase-independent
and it is marginally affected by the Ferrostatin-1, an
inhibitor of ferroptosis (Fig. S2¢, d and Fig. S3c). On the
opposite it is strongly dependent on the activity of RIP1,
as previously reported'®. Hence, GSK3p kinase activity is
necessary to trigger cell death in response to DMNQ.

GSK3p can also influence cell death by apoptosis”’.
Therefore, to confirm that DMNQ specifically elicits
necrosis also in cells overexpressing the kinase, we eval-
uated caspases activation, the key enzymes of the apop-
totic pathway. Caspase-3 and Caspase-2 activation and
HDAC4 processing (a caspase-3 substrate) were mon-
itored by immunoblot. Cells were also treated with the
combination TRAIL/bortezomib a renowned apoptotic
stimulus®®, Figure 2f shows that GSK3B-dependent,
DMNQ-induced cell death, does not require caspase
activation. On the opposite, US7MG cells, after incuba-
tion with TRAIL/bortezomib, strongly activate caspases.
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Fig. 2 GSK3p is necessary for the necrotic response elicited by DMNQ. a Cytofluorimetric analysis measuring cell death percentages (PI
positivity) in the different UB7MG clones treated with the indicated concentrations of DMNQ for 24 h. Data are presented as mean+SD. n=3. b
Cytoflucrimetric analysis measuring cell death percentages (Pl positivity). UB7MG cells were transfected with siRNAs against GSK3[3 or control. After
48 h they were treated with 30 uM of DMNQ for further 24 h. Data are presented as mean +5D. n= 3. ¢ Immunoblot aralysis of GSK3{ levels in
UB7MG cells transfected with siRNAs against GSK3[ or control. Actin was used as loading control. d Immunoblot analysis of GSK3 levels in US7MG
GSIBAT* and GSK3B~~ cells retrovirally infected with the GSK3R-GFP fusions WT or its catalytically inactive mutant K85A (KM). Actin was used as
loading control. e Cytofluarimetric analysis measuring cell death percentages (Pl positivity) in the indicated UB7MG cell lines treated with 30 uM of
DMNQ for 24 h. Data are presented as mean £ 5D, n= 3. f Immunoblot analysis of Caspase-3, Caspase-2, and HDAC4 caspase-dependent processing
in the indicated UB7MG cell lines treated with 30 uM of DMNQ. Incubation with the combination TRAIL (25 ng/mi) and bortezomib (0.1 uM) for 20 h
was used to trigger apoptosis. Actin was used as loading control. g Cytofluorimetric analysis measuring cell death percentages (Pl positivity) in the
indicated UB7MG cell lines treated or not with the combination TRAIL (25 ng/ml) and bortezomib (0.1 uM) for 24 h. Data are presented as mean + 5D,
n=13. h Microscopic images of the indicated UB7MG cell lines treated for 24 h with DMNQ (30 uM). Arrows point to membrane blistering and
arrowheads to examples of necrotic cells. Phase contrast images were obtained with Leica DMi1 microscope with a 10x objective. i gRT-PCR analysis
of GSK3B mRNA levels in the silenced IMR90-E1A//BCL2/CIDN cells. Data are from three experiments; +SD. j Cytofluorimetric analysis measuring cell
death percentages (Pl positivity). IMRSO-E1A/BCLZ/CIDN cells were transfected with siRNAs against GSK3B or control and after 48 h treated with
100 uM of DMNQ for further 24 h. Data are presented as mean £5D. n=3.

We also demonstrated that GSK3p is not required for
TRAIL/bortezomib-induced apoptosis (Fig. 2h). DMNQ-
induced cell death showed the features of necrosis, with
the appearance of vacuolization and membrane blister-
ing"!. The appearance of these necrotic features is strictly
dependent on the kinase activity of GSK3p (Fig. 2h).
Next, we proved that the role of GSK3p in transducing a
necrotic signal is not limited to US7MG cells. We took
advantage from IMR90-ELA cells expressing Bel-2 and a
dominant negative mutant of Caspase-9. These engi-
neered cells are resistant to apoptosis and die by necro-
sis”. The role of GSK3p in the DMNQ-dependent
necrotic response was confirmed also in human fibro-
blasts. When GSK3p was silenced in these cells (Fig. 2i),
DMNQ was unable of triggering cell death (Fig. 2j).

DMNQ treatment activates GSK3p

To explore whether GSK3p is activated during DMNQ
and G5-induced necrosis, the phosphorylation status of
Ser-9 was evaluated. Once phosphorylated, Ser-9 inhibits
the kinase activity of GSK3p, by acting as a pseudosub-
strate®*!, Akt is the main up-stream regulator of GSK3p
activity, through Ser-9 phosphorylation*®*2, Hence, we
also evaluated Akt activation levels by monitoring Thr-
308 and Ser-473 phosphorylation status'®,

In DMNQ-treated cells an early and dramatic depho-
sphorylation of GSK3p Ser-9 was detected, as soon after
1h from treatment, which became stronger after 3h
(Fig. 3a). The reappearance of Ser-9 phosphorylation after
6 h could mark the emerging of cells resistant to DMNQ
treatment. Akt Thr-308 dephosphorylation parallels the
behavior of Ser-9, thus suggesting a direct link between
Akt inactivation and GSK3[B activation in response to
DMNQ. Akt Ser-473 phosphorylation remains unper-
turbed after DMNQ treatment (Fig. 3a).

Ser-9 dephosphorylation was observed also in response
to G5. Here the decrease is modest at early times but
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appears more consistent at later time-points (12 h). This
delayed activation of GSK3p parallels the inactivation of
Akt (Fig. 3b). Overall, GSK3p activation, as monitored by
Ser-9 phosphorylation, is modest in G5-treated compared
to DMNQ-treated cells.

DMNQ-dependent mitochondrial dysfunctions: the role of
GSK3B

DMNQ treatment triggers mitochondrial fragmenta-
tion, which depends on Drpl activities'”. Smac/DIABLO
localization was used to monitor the mitochondrial
morphology and the integrity of the outer mitochondrial
membrane (OMM)®. In GSK38 '~ and GSK38"*
U87MG cells the mitochondrial networks were similar
(Fig. 3b). DMNQ treatment triggers mitochondrial frag-
mentation in both cell lines, which is therefore indepen-
dent from GSK3p. By contrast, SMAC levels were clearly
reduced in US7MG/GSK38"'" compared to GSK38 '~
cells (Fig. 3c). Re-expression of GSK3p promoted the
decrease of SMAC protein. The degradation of SMAC in
response to DMNQ could be related to its release into the
cytoplasm as a consequence of the OMM rupture®. The
alteration of mitochondrial functionality was confirmed
by the measure of the mitochondrial membrane potential
(Ayy,). After 24 h of DMNQ treatment, Ay, is completely
collapsed in GSK3B"'" cells but maintained in GSK38 '~
cells (Fig. 3d). As control, incubation with the mito-
chondrial uncoupler FCCP triggered mitochondrial
membrane depolarization in a GSK3p independent man-
ner (Fig. 3d).

Ay, dissipation and the nuclear translocation of GSK3p
GSK3p is a pleiotropic kinase involved in multiple sig-
naling pathways. Although it is mainly a cytosolic protein,
it can also localize in other subcellular compartments,
including the nucleus and the mitochondria®**®. Parti-
cularly, GSK3( shuttles between the nucleus and the
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A DMNG e Fig. 3 GSK3p is activated by DMNQ treatment. a U87MG cells were
1 3 612 Hours 0 1 3 612 Hous lrea[ed with 30 uv DMNQ or 10 uM G5 for the indicated times.
Cellular lysates were generated and immunaoblots were performed
‘-— - |p-GSK3L5 89 ‘.—"|-47 KD with the indicated antibodies. In parallel cell death was scored by
cytofluorimetric analysis and it is showed at the bottom. b UB7MG

GSK3BHH and GSK38~'~ cells were treated or not with 30 uM DMNQ
W W | GSKIE | Srerem e e |47 KD y !
for 24 h. Immunofluorescence analysis was performed to visualize
mitochondria morphology, using anti-SMAC antibodies (red). Nudei
|- | p-AKET308 | e — | were stained with Hoechst 33258 (cyan). Bar 10 um. Confocal images
are shown in pseudocolors and were acquired with a Leica SP8 LSM.
TIT ara - g /ole - = M
—————— 05T | e —— ¢ Immunoblot analysis of SMAC levels in the indicated UB7MG cells
47 KD treated with 30 uM DMNQ for the indicated time points. Actin was
used as loading control. d Cytofluorimetric analysis of TMRM
P — Akt e e | o fluorescence. The indicated UBZMG cells were incubated for 30 min
with TMRM (1 pM). FCCP (10 piM) was used for 5 min. Data are from
|---_ | Ran —— | 20 KD three experiments. Columns represent the percentage of initial
intensity of TMRM fluorescence + SD

4 5 6 8 42 necroticcell 4 11 40 55 63
death (%)

B

cytoplasm and a decline of PI3K/Akt activity can favor its
nuclear accumulation™”.

To monitor the subcellular localization of GSK3f
in vivo during necrosis, US7MG/GSK38 '~ cells expres-
sing the GSK3B-GFP were exposed to DMNQ and sub-
jected to time-lapse confocal microscopy. We also
measured in parallel the mitochondrial membrane
DMNQ potential, as a reference of the necrotic death. Figure 4a
shows selected time-frames of the analysis, proving the
progressive nuclear accumulation GSK3p-GFP, which
becomes evident 1 h before the collapse of Ay,,. Figure 4b
shows the individual traces for TMRM uptake and
GSK3B-GFP localization in 10 typical US7MG/GSK3 ™'~
cells expressing GSK3B-GEFP, in response to DMNQ. In all
examples the progressive nuclear accumulation of

GSKaE+ GSK3p- Gé;igéﬁfp GSK3B-GFP anticipates Ay, collapse. By contrast, when
0 12 24 0 12 24 0 12 24 Hours the same analysis was performed in untreated cells,
KD 28 i sVAC nuclear accumulation of GSK3f3-GFP was not ol:(scrvcd
KD 20 and only “physiological fluctuations” of the Ay,,*" were
monitored (Fig. 4c). The integrity of the GSK3p-GFP
— - ———— - - T chimera throughout the time of the analysis was verified
by immunoblot (Fig. 4d). These data indicate that DMNQ
D triggers the nuclear accumulation of GSK3B-GFP before
. ’Ewo Ay, collapse.
88
§,—§ = DMNQ-triggered ROS generation requires GSK3p activity
EE o The quinone DMNQ triggers ROS generation after one-
= ;_:}w electron reduction by several intracellular flavoenzymes
g g 20 such as the NADPH-cytochrome P450 reductase or nitric
g i oxide synthetases. The product of the one-electron
o P S 2 0T Y Dwna reduction, DMNQs-, reacts rapidly with O, to form
s o - o o FOGP ide aniion; O ting DMNO. This red
SR oSRaE - GSKaT superoxide anion, O,e-, regenerating Q. ! 1§7rc ox-
GSK3p WT cycle is critical for redox signaling and toxicity**".

Therefore, we explored whether GSK3p activity was
required to sustain the redox cycle. First, we demon-

strated that potentiation of the antioxidant properties, by
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(see figure on previous page)

Fig. 4 Nuclear translocation of GSK3B WT-GFP and mitochondrial Apm dissipation at single cell level in vivo. a Representative frames of two
UB7MG/GSK3B™"~ cells re-expressing GSK3BWT-GFP treated with 30 pvi DMNQ. Numbers indicate h before A, dissipation. Bar 16 pm. b Individual
traces of cellular TMRM fluorescence (red) and of the nuclear/cytosolic fluorescence of GSK3RWT-GFP (green) in US7MG/GSK3B ™~ cells re-expressing
GSK3PWT-GFP. Cells were treated with 30 uM DMNQ for 24 h. ¢ Individual traces of cellular TMRM fluorescence (red) and of the nuclear/cytosolic
fluorescence of GSKIBWT-GFP (green) in untreated UB7MG/GSK35 ™~ cells, re-expressing GSK3PWT-GFP. d Immunoblot analysis of GSKIBWT-GFP
levels in UBYMG/GSK38~"~ cells treated with 30 uM DMNQ for the indicated times. Actin was used as loading control

treating cells with N-acetylcysteine (NAC), completely
abrogates the GSK3B-dependent toxicity of DMNQ
(Fig. 5a). Next, we compared DMNQ-induced ROS levels,
using two different sensors: Carboxy-H,DCFDA and
Deep Red Dye, in the presence or absence of GSK3p.
DMNQ, through its redox-cycling activity triggers a
progressive increase of ROS (Fig. 5b). In the absence of
GSK3p, after an initial increase, ROS levels dropped-
down, reaching a condition similar to the untreated cells.
Re-expression of GSK3p restored the ROS accumulation
in response to DMNQ (Figs. 5¢ and S4).

We also monitored the appearance of ROS in response
to Gb5. Differently from DMNQ, G5 triggers a rapid
increase of ROS, within 1 h from treatment, that declines
at later times. the contribution of GSK3p is significant
also in the case of G5-generated ROS. However, it is much
less pronounced, when compared to DMNQ (Fig. 5d).

ROS generation requires GSK3p activity to blunt the
expression of NRF2-target genes involved in the anti-
oxidant response

ROS generation by DMNQ can be prevented by obli-
gatory two-electrons reducing flavoenzymes, such as
NQOI1 (NAD(P)H quinone dehydrogenase 1) and NQO2.
These enzymes, by producing hydroquinones, prevents
ROS generation by circumventing one-electron reduc-
tase-dependent redox cycling’”~*°. The strong impact of
GSK3p on ROS generation could stem from its ability of
influencing NQOI and NQO2 activities. To verify this
hypothesis, we analyzed the expression levels of the two
enzymes in US7MG/GSK3f " and GSK3B"'" cells
treated with DMNQ. qRT-PCR showed that only in
response to DMNQ the expression levels of NQOI and
NQO2 dramatically increase in GSK38 '~ cells. By con-
trast, only NQO2 expression is modestly up-regulated in
GSK3B"'" cells (Fig. 5¢). We also compared the expres-
sion of HMOXI and GCLM, two genes that belong to the
anti-oxidant defense. GCLM is similarly and modestly up-
regulated in the two cell lines whereas HMOX1 shows a
behavior similar to NQO2.

The transcription of these genes in response to oxida-
tive stressors is under the supervision of NRF2°’. The
activity of this transcription factor is subjected to multiple
levels of controls, including half-life variations. In fact,
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NRF2 is subjected to proteasomal-mediated degradation,
which is suppressed by the oxidative stress™.

As expected DMNQ triggers the up-regulation of NRF2.
However, in the absence of GSK3p, this up-regulation is
more pronounced and sustained through the time (Fig. 5f).

To demonstrate the key role of NQOI and NQO2 in the
necrotic response triggered by DMNQ, US7MG/GSK38"™",
GSK3B '~ or GSK38 '~ expressing GSK3B-GFP were
treated with dicoumarol a potent inhibitor of NQO1 and
tacrine, a recently identified NQO2 inhibitor™*% The
resistance to DMNQ-induced necrosis observed in the
absence of GSK3p was completely abolished by the inhi-
bition of NQOI, as well as, after the inhibition of NQO?2,
although less efficiently (Fig. 5g).

In summary, GSK3p, through the regulation of NRF2
levels, can blunt the expression of NQOI and NQO2, two
enzymes that prevent ROS generation. In this manner
GSK3p can promote cell death by necrosis.

Discussion

Quinone compounds are ubiquitously diffused in the
environment as elements of the food chains or as air
pollutants, for example in the diesel exhaust particlessa.
Quinones can also be generated in the body as a result of
some xenobiotic metabolism through the cytochrome
P450 system™. DMNQ has been intensively studied as an
example of quinones toxicity. DMNQ toxicity is mediated
by ROS production via one-electron-based redox cycling.
Several flavoenzymes, including NADPH-cytochrome
P450 reductase and NADH-cytochrome b reductase, can
fulfil the one-electron reduction of DMNQ®***"**¥, For this
reason DMNQ is also commonly used, as a tool, to
investigate the cellular responses to the oxidative stress.

In this manuscript we have demonstrated that GSK3p is
a key player of the DMNQ/ROS-induced necrotic death.
We show that GSK3p is responsible for reducing the anti-
oxidant response engaged by NRF2. This response leads
the up-regulation of the obligatory two-electron reducing
flavoenzymes NQO1 and NQO2¥ 485152 - Thege fla-
voenzymes are required to blunt the redox cycling activity
of DMNQ. In the absence of GSK3, NRF2 levels and the
transcription of its targets NQOI and NQO2 is strongly
sustained. In this manner the cytotoxic effect of quinones
is nullified (Fig. 6).
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Fig. 5 GSK3p favors ROS generation in response to DMNQ. a Cytoflucrimetric analysis measuring cell death percentages (Pl positivity) in the
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NQOT and NQO?2 transcription
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Fig. 6 Graphical summary of the role of GSK33 during DMNQ-induced necrotic cell death
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Our results suggest a model where high ROS levels, as
generated by DMNQ, inhibit AKT'*** and consequently
unleash GSK3p activity, which in turn, switches-off the
NRF2 anti-oxidant responses””*>*°, Hence, the impact of
GSK3p in this necrotic pathway is mainly exerted by
suppressing a pro-survival signal (Fig. 6).

The described pathway is pathological relevant and it is
implicated in other models of cell death elicited by oxi-
dative stress. Examples are the ischemia and reperfusion
injury in the brain®’, in hepatocytesgg'sg, during diabetic
nephropathiesf’o, in a model for Alzheimer disease®’ and
in other models of neurological diseases®>*®,

The time-lapse analysis suggests that the DMNQ-
dependent nuclear accumulation of GSK3p anticipates
the Ay, collapse. Hence, it is plausible that GSK3p acti-
vation is coupled to its nuclear accumulation where it
phosphorylates NRF2, a signal necessary for its nuclear
exclusion, its poly-ubiquitylation and the subsequent
proteasomal degradation™**.

GSK3p was identified after a high-throughput shRNA
screening, aimed to define new players of the necrotic
response induced by G5. Unexpectedly, the kinase plays
only a minor role in this form of death. In agreement with
our observation GSK3p activation is much less evident in
response to G5 compared to DMNQ. Even though we
have demonstrated that G5 is able to trigger oxidative
stress.

We suggest that Akt could explanation this apparent
paradox. Akt in response to G5 is not dephosphorylated at
early time points, differently from DMNQ. Instead we
confirmed a strong increase of Thr 308 phosphorylation, as
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previously reported'®, The two cysteine residues 310 and
296 found in the T-loop region are critical for Akt activity.
We have recently shown that G5 can directly target Akt,
possibly by reacting with these cysteines residues'®. Hence
G5 could directly interfere with Akt activities. How it could
occur and which could be the consequence on Akt activity,
deserve further investigations.

Finally, we have not completely unveiled the molecular
basis of the necrotic pathway elicited by G5. GSK3p and
the oxidative stress probably play only a secondary or
additive role in this pathway. During the investigation
of the role of GSK3p, we also tested the contribution of
other genes, which were included among the top hits of
the screening. Transfection of isolated siRNAs only
minimally reduced G5-induced cell death. It is plausible
that, the simultaneous induction of multiple stresses by
G5 causes multiple cellular dysfunctions that ultimately
trigger necrosis. Under this condition, ablation of a single
gene is not enough to rescue cells from the death
commitment.

Materials and methods
Cell culture conditions and reagents

The cell lines used in this article were Uppsala 87
Malignant Glioma (U87MG) glioblastoma cell line,
IMR90-E1A lung fibroblast cell line, Human Embryonic
Kidney cells 293 T1 (HEK293T1) cell line and Phoenix
Amphotropic (AMPHO) embryonic kidney cell line. All
cell lines were cultured at 37 °C in 5% CO, atmosphere in
Dulbecco’s Modified Eagle's Medium (DMEM), (Sigma-
Aldrich) supplemented with 10% fetal bovine serum
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(FBS); glutamine (2 mmol/L), penicillin (100 U/mL) and
streptomycin (100 pg/mL) (Euroclone). All cell lines were
tested for mycoplasma contamination and resulted as
mycoplasma free. US7MG cells were authenticated by
gene expression profile. US7MG/BCL-XL and IMR90/
E1A/BCL-2/CIDN cells, expressing a dominant negative
mutant of caspase-9 were previously described''* and
verified for the expression of the transgenes. The follow-
ing chemicals were used: 4H-thiopyran-4-one, tetrahydro-
3,5-bis[(4-nitrophenyl) methylene]-1,1-dioxide (GS]m;
2,3-dimethoxy-1,4-naphthoquinone (DMNQ); carbo-
nilcyanide p-triflouromethoxyphenylhydrazone (FCCP);
NAC; Propidium Iodide (PI), Ferrostatin-1 and DMSO
(Sigma Aldrich); Tetramethyl Rhodamine Methyl-ester
(TMRM) (Life Technologies); Bortezomib (LC Labora-
tories); TNF-related apoptosis-inducing ligand (TRAIL)®%
G418 (Euroclone); Hygromycin (PanReac-AppliChem);
Dicoumarol and Tacrine (Santa Cruz Biotechnology);
Necrostatin-1 (Enzo Life Sciences); Boc-D-FMK (Abcam).

shRNA library screening

UB7MG cells were transduced with DECIPHER Pooled
shRNA library-Human Module 1 (Cellecta, Mountain
View, CA, USA) composed by 27500 shRNAs targeting
5043 genes (5-6 shRNAs/mRNA). The HTS3 (DECI-
PHER pRSI9-U6-(sh)-HTS3-UbiC-TagRFP-2A-Puro-dW)
cassette of each shRNA contains the U6 RNA polymerase
111 promoter to drive shRNAs expression, the fluorescence
protein (RFP) and the puromycin resistance. All shRNAs
have unique 18-nucleotide DNA barcode sequences,
which facilitate their identification after HT sequencing.
The HEK293T1 packaging cells were transfected with
60 pg of the plasmid shRNAs library and 300 pg of the
packaging plasmid mix (Cellecta Inc., psPAX2: pMD2.G),
in DMEM without serum or antibiotics and in the pre-
sence of Plus Reagent™ and Lipofectamin™ (Life
Technologies). The concentrated lentiviral particles were
re-suspended in PBS with 10% FBS and stored at —80°C
for the lentiviral titer estimation. After the calculation of
the Transduction Units, 66 x 10° cells were transduced
with the shRNA library at MOI of 0.1 to ensure that ~90%
of the cells are infected with one shRNA-carrying virus.
After 48 h, infected cells were selected by adding Pur-
omycin (2 pg/ml) for 72h. Later, the selected cells were
treated with G5 (2.5 pM) for 60 h. Genomic DNA (gDNA)
was purified from the surviving cells using the QIAamp
DNA Micro Kit (Qiagen, Hilden, Germany). Pooled bar-
codes were PCR-amplified from 100 pg of gDNA and
identified after Illumina sequencing by deconvolution
analysis. Positive hits were selected as genes when at least
two different ShRNAs scored higher frequencies in com-
parison to the average of the control luciferase (n = 3).
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RNA interference

The RNA interference (RNAi) was performed using the
following siRNAs direct against: CAPN1 (Santa Cruz
Biotechnology); PP2Ac (Life Technologies); GSK3p (Fw
5'-GCAUUUAUCGUUAACCUAA-3', Rv 5-UUAGGU
UAACGA UAAAUGC - 3, Sigma Aldrich); or the relative
control siRNAs. US7MG, US7MG/BCL-XL and IMR90/
E1A/BCL-2/C9DN cells were transfected 24 h after
seeding. Six hours later the medium was changed, and
after 48 h of silencing, cells were treated with G5 or
DMNQ for further 24 h. RNA was extracted and the
protein lysates were collected for the subsequent analysis.

Drug treatments, Pl- and TMRM-assay

For cytofluorimetric analysis, drug treated cells were
collected in PBS and incubated with propidium iodide (PI)
for 5min at room temperature. Pl fluorescence was
determined by the FACSCalibur flow cytometer (BD, San
Jose, CA,) at the excitation wavelength of 585 nm. For
TMRM assay, cells were incubated with TMRM (1 uM)
for 30 min. TMRM fluorescence was determined by flow
cytometer at the excitation wavelength of 488 nm.

Cell lysis and Western Blotting

The cellular lysis was performed using an SDS dena-
turing lysis solution in which the protease inhibitor
cocktail (PIC), phenylmethane sulfonyl fluoride (PMSF),
Na3zVQ, and p-mercaptoethanol were added. After SDS/
PAGE electrophoresis proteins were transferred to a
0.2 pm-pore-sized nitrocellulose membrane. Immuno-
blotting was performed as previously described'’. The
used primary antibodies were: anti-PP2Ac (Upstate, 05-
545); anti-actin (Sigma-Aldrich, A2066); anti-CAPN1 (sc-
271313), anti-GSK3p (sc-377213) and anti-NRF2 (sc-
365949) (Santa Cruz Biotechnology); anti-p-GSK33 S9
(9336), anti-p-Akt T308 (4056); anti-p-Akt T473 (9271),
anti-Akt (9272), anti-Caspase-3 (9662) (Cell Signaling
Technology), anti-Smac/DIABLO* and anti—HDACfLé&;
ami—Caspase—T?; anti-tubulin®. The same membranes
were incubated with the horseradish peroxidase-
conjugated secondary antibody for 1 h at room tempera-
ture. The used secondary antibodies were goat anti-mouse
or goat anti-rabbit (Sigma Aldrich). Finally, the blots were
developed using Super Signal West Dura as recom-
mended by the vendor (Pierce Waltham, MA, USA).

RNA extraction and qRT-PCR

Cells were lysed using Tri-Reagent (Molecular Research
Center). 1.0 ug of total RNA was retro-transcribed by
using 100 units of M-MLV Reverse transcriptase (Life
Technologies). qRT-PCRs were performed using SYBR
green technology (KAPA Biosystems). Data were analyzed
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by comparative threshold cycle using HPRT and GAPDH
as normalizer.

Generation of GSK3f knock-out US7MG cells

UB7MG cells null for GSK3( were achieved using the
CRISPR/Cas9 technology. The single guide RNA (sgRNA)
5-CCTTTGCGGAGAGCTGCAAG-3'  was  designed
using “CRISPR design” tool (http://crispr.mit.edu/). Len-
tiviral infections and selections were performed as pre-
viously described®®. The KO clones were screened by
PCR, immunoblots and validated by Sanger sequencing.

Generation of US87MG/GSK3B /~ cells expressing GSK3p
WT and its mutant K/M fused to GFP

The coding sequence of GSK3p was amplified by PCR
from Vectors encoding wild-type and kinase-dead GSK3[3
previously described®, using the following primers
(Sigma-Aldrich): - AGATCTATGTCAGGGCGGCCC
AG, as forward primer containing a restriction site for
Bglll; - GAATTCTGGTGGAGTTGGAAGCTGATG, as
reverse primer containing the EcoRI site. GSK3f WT and
the kinase defective mutant KM were cloned into pEGFP-
N1 plasmid. Next the two fusions (GSK3B/WT-GFP and
GSK3B/KM-GFP) digested Bglll and Xhol were subcloned
into the retroviral vector pWZL-Neo. U8S87MG cells
expressing BCL-XL, GSK3B-WT-GFP or GSK3p/KM-
GFP constructs were generated by retroviral infection as
previously described'. G418 (1000 pg/ml) for the selec-
tion of GSK3B-WT-GFP or KM-GFP expressing cells and
Hygromycin (200 pg/ml) for the selection of BCL-XL
expressing cells were used. As control US7MG cells were
infected with pWZL-Hygro and pWZL-Neo retroviral
vectors and selection performed as above described.

Immunofluorescences and time-lapse microscopy

UB7MG cells were fixed with 3% paraformaldehyde and
permeabilized with 0.5% Triton X-100. The primary
antibody was anti-Smac/DIABLO, and the secondary
antibody was Alexa Fluor 546-conjugated anti-rabbit (Life
Technologies). Cells were imaged with a Leica confocal
microscopy SP2 or SP8.

For time-lapse analysis TMRM (20 nM)*’ was used and
DMNQ (30 uM) added 1 h before the analysis. The images
were collected every 5min for 24h using a Leica SP8
confocal microscope (Leica Microsystems) equipped with
a stage top incubator controlling temperature, CO, and
humidity (Okolab). Image analysis was performed using
the Leica Acquired Software X (LASX). For the TMRM
Ay, analysis, the fluorescence of the mitochondria was
evaluated through drawing a region around the cell
(Region Of Interest; ROI) and measuring its Mean fluor-
escence Intensity (MItygrmeen). The fluorescence of the
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background (BKyypp), which is another ROI located in a
non-fluorescent region, was subtracted to the MItyirageen
and the obtained data was multiplied for the area of the
cell (Areacen), according to the following equation:

TMRM fluorescence (%) = (Mltmrmcelt — BKryrm ) * Areacen

A similar calculation was used to quantify the increase
of nuclear fluorescence of GSK3pB-GFP, according to the
following formula:

Nuclear GSK38 — GFP = (Mlgskss- Grenud — BKaskag- cep ) + Areanud
/(Mlgsiag-Grpeytossl — BKaskag-GFreytasol ) * Areacyasol

ROS accumulation measurement

The reactive oxygen species (ROS) accumulation was
evaluated using two different probes following the man-
ufacturer’s instructions: 6-carboxy-2',7'-dichlorodihydro-
fluorescein diacetate (Carboxy-H,DCFDA) (Life
Technologies) and the ROS Deep Red Dye from the
Cellular Reactive Oxygen Species Detection Assay Kit
Deep Red Fluorescence (Abcam). Carboxy-H,DCFDA
and ROS Deep Red Dye fluorescence were determined by
the FACSCalibur flow cytometer (BD) at the excitation
wavelength of 495nm for Carboxy-H,DCFDA and
650 nm for the ROS Deep Red Dye.

Statistics

Results were expressed as means + standard deviations
(SD) from at least three independent experiments.
Statistical analysis of differences between groups was
performed using the Student’s ¢ test of Excel software
(two-samples, two-tailed distribution, equal wvariance),
with p values represented as: *p <0.05; **p < 0.01; ***p <
0.005. Measurements were obtained in double-blind.
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Abstract: To maintain proteostasis, cells must integrate information and activities that supervise
protein synthesis, protein folding, conformational stability, and also protein degradation. Extrinsic
and intrinsic conditions can both impact normal proteostasis, causing the appearance of proteotoxic
stress. Initially, proteotoxic stress elicits adaptive responses aimed at restoring proteostasis, allowing
cells to survive the stress condition. However, if the proteostasis restoration fails, a permanent and
sustained proteotoxic stress can be deleterious, and cell death ensues. Many cancer cells convive with
high levels of proteotoxic stress, and this condition could be exploited from a therapeutic perspective.
Understanding the cell death pathways engaged by proteotoxic stress is instrumental to better hijack
the proliferative fate of cancer cells.

Keywords: UPR; NOXA; DR5; BCL2; apoptosis; necroptosis; ferroptosis; proteotoxic stress

1. Proteotoxic Stress: An Introduction

Proteins are key macromolecules that play fundamental roles in almost every cellular process,
from gene expression to cell/tissue protection [1]. The important and relentless actions of proteins
oblige cells to supervise and guarantee their correct folding and assembling. Protein homeostasis
or proteostasis is the fundamental cellular effort aimed at reaching this goal. Proteostasis is
governed through a complex network of regulative mechanisms and is an essential task for cell
survival [2]. The vast majority of proteins need to assume a peculiar thermodynamically stable
three-dimensional structure that depends on their amino acid sequence [3]. During the folding process,
proteins, particularly those presenting complex domains, can often produce folded intermediates.
These intermediates can expose hydrophobic amino acid residues, thus becoming more susceptible to
being stacked into a misfolded condition, a circumstance that can lead to the formation of misfolded
aggregates [4].

Cells use a complex network, called the proteostasis network (PN), in order to monitor protein
homeostasis. PN includes molecular chaperones and proteolytic machinery. These gene families
promptly cooperate to guarantee regular proteostasis. In this manner, PN coordinates protein synthesis
with folding and, if necessary, it can trigger protein degradation [5-7]. The importance of proteostasis
maintenance becomes evident in the presence of PN dysfunctions. Inefficiency in these monitoring
activities is responsible for several pathologies, including neurodegenerative diseases. Frequently,
these deficiencies are age-dependent, with significant social and economic costs [7-10].

Molecular chaperones supervise protein folding, a process that requires ATP hydrolysis and a
high cost in terms of energy. In particular, the chaperones of the heat shock protein (HSP) family
help protein folding and are fundamental when critical conditions such as heat stress, oxidative
stress, or hypoxia emerge [1]. These particular proteins are defined as HSPs because their expression
is dramatically upregulated when cells are exposed to high temperatures or other forms of stress.
The human genome encodes for about 330 chaperones and cochaperones [11]. The most known
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classes of chaperones include the ATP-dependent HSP70s, HSP90s, HSP60s (also called chaperonins),
and HSP100s and the ATP-independent small HSPs (sHSPs) [11]. In many cases, chaperones are
assisted in their activities by regulatory proteins called cochaperones, a large protein family that
includes 244 different members. Some examples of cochaperones are the HSP40s (49 proteins) as
regulators of the HSP70s and the tetratricopeptide repeat proteins (TPRs; 114 proteins) as regulators
of the HSP90s. In general, cochaperones assist the functions of the chaperones by providing more
selectivity and specificity toward the substrate [11,12].

Chaperones function as the main players in the maintenance of proteostasis by facilitating the
folding of proteins. They usually bind to the hydrophobic polypeptide segments exposed by unfolded

or not-completely-folded proteins, thus avoiding their aggregation throughout the folding process [1].

HSP70s and HSP90s are the most important members of the ATP-dependent chaperones. During

the folding, they work through ATP-regulated cycles of binding and release from the target protein.

This process ends when proteins are finally able to obtain their correct structure [2,13]. Moreover,
some proteins are incapable of folding without the presence of chaperones, and this event determines
the limit of the Anfinsen dogma. An example of this type of protein is the cytoskeletal actin [14].

Chaperones can do their duties either in cooperation with the ribosome, for example,
the mammalian ribosome-associated complex (RAC) and some specialized HSP70s (HSP70L1) [15,16],
or, once the polypeptide is released, alone. This is the case of HSP70s, HSP90s, and the TRiC/CCT
chaperonin. In particular, TRiC are complexes structured as a double-ring that encircle, for a short time,
the unfolded protein in a structure similar to a cage. In this manner, TRiC allow the correct folding and
avoid the formation of aggregates [2,17]. In addition, the ATP-independent sHSPs work as a support
in the maintenance of the proteins in a stable state. Through this strategy, proteins will not go under
aggregation processes [18].

In general, proteins can be divided into proteins that fold easily and quickly after the interaction

with the upstream chaperones, like HSP70s, and proteins that require more help during the process.

The first group of proteins does not need downstream chaperones; instead, the second group of proteins
is not able to complete the folding correctly and needs more specialized chaperones, like HSP90s or the
chaperonins, to achieve the proper structure [19]. These “difficult” proteins are usually larger than the

average and comprehend multiple domains or domains, which have complex topologies of folding.

For these reasons, they need a strong interaction with the chaperones and also with the cochaperones,
generating an interconnected network called “chaperome” [20].

The human PN has not yet been completely characterized in all its parts. However, investigations
aimed at dissecting the network of proteins interacting with HSP90s have revealed the presence of
E3 ligases (enzymes involved in the last step of ubiquitin-conjugation). This finding highlights the
close relationship between the folding and protein degradation processes [21]. A detailed study,
which involved about 70 chaperones, cochaperones, and proteins of the quality-control compartment,
has illustrated that there is a hierarchical organization within PN. This organization is centered on
the interconnected chaperone systems of HSP70 and HSP90 [22]. Another study revealed that the
chaperone network can be rewired after oncogenic transformation in a new network of interactions
defined as “epichaperome”, which can favor cancer cell survival [23].

Importantly, the chaperone systems have evolved several mechanisms to compensate when a
single chaperone fails or is disabled. This aspect is also important from a therapeutic perspective
when specific inhibitors against a chaperone are evaluated [24]. For example, the inhibition of HSP90

can promote the binding of the unfolded proteins to Hsc70, the constitutively expressed HSP70 [22].

Furthermore, between members of the BAG family of cochaperones, which act as nucleotide exchange
factors of HSP70, BAG2 is the only one that has a similar substrate range to Hsc70. This evidence
permits us to conclude that BAG2 could be a general cofactor, which is important in the folding
mechanism of Hsc70 substrate proteins. Finally, among the interactors of Hsc70, the E3 ligase CHIP
(Carboxy Terminus of HSP70-Interacting Protein) has been identified, thus further confirming the
correlation between the chaperones and the ubiquitin-proteasome system (UPS) [25,26].
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2. The Protein Quality System

In order to maintain the proteostasis, eukaryotic cells have evolved several systems monitoring
quality control. These systems are different from the folding/re-folding actions of chaperones and
are involved in the degradation of damaged and misfolded proteins. The most important system is
represented by UPS. It works in cooperation with the lysosomal system [27,28] and plays a crucial role
in several cellular processes by controlling the physiological turnover of proteins [29]. The degradation
of the proteins through UPS is due to the presence of a ubiquitin tag, which is conjugated through
amultistep process called ubiquitylation. A ubiquitin moiety is initially covalently linked onto Lys
residues of target proteins (isopeptide-bond) and, next, elongated through the use of specific Lys of the
ubiquitin itself, most frequently Lys 48. The ubiquitylation requires the coordinated action of three
enzymes. The E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugation enzymes, and E3 ubiquitin
ligase enzymes [30-32]. After ubiquitylation, the tagged proteins are translocated to the 26S proteasome,
an ATP-dependent protease complex found in the cytosol and in the nucleus of all eukaryotic cells.
The proteasome is composed of about 50 different subunits, but it is possible to define two critical
subcomplexes: the 20S catalytic core and one or two 195 regulatory subunits. The 195 particles are
bound to one or both ends of the 205 component [33-35]. The ubiquitin tag is recognized by the 195
regulatory subunits, and, here, it is recycled by the action of deubiquitinases (DUBs). Three DUBs are
associated with the 19S regulatory subunits: RPN11/POH1, USP14, and UCH-L5 [36-38]. This process
is crucial for the degradation since the presence of the ubiquitin chain would impact sterically on the
translocation from the 195 regulatory subunits to the 20S catalytic core. In fact, small molecules that
inhibit these DUBs trigger cell death responses, similar to inhibitors of the catalytic portion such as
bortezomib, carfilzomib, and ixazomib [36,39-41].

The 20S catalytic core is constituted by two heptameric rings of f-subunits and two heptameric
rings of &-subunits. The x-subunits have a structural role, and the B-subunits have a catalytic role
instead. In particular, f1 has a caspase-like activity, 32 has a trypsin-like activity, and (35 has a
chymotrypsin-like activity [42—44]. A recent analysis of the proteasome and its substrates, through
cryoelectron microscopy, offers a new intriguing sight into this complex process [45-47]. Because
of the necessity of substrate unfolding, the proteasome is incapable of degrading the aggregated
proteins directly. Normally, once bound to the proteasome, the substrate is unfolded by the action
of six ATPase subunits (Rptl-6) [48]. Hence, an obligatory prerequisite step for UPS-dependent
degradation is substrate disaggregation through the chaperones network. The second example of
such cooperation is the direct interaction between the E3 ligase CHIP and HSP70. CHIP can thus
ubiquitylate chaperone—client proteins. However, this modification may still be inverted by DUBs [49].
How these conflicting mechanisms are controlled will be important for a better understanding of the
protein quality control machinery.

In summary, even in the presence of UPS, protein misfolding can induce the creation of insoluble
aggregates, particularly under stress situations. By contrast, autophagy can directly eliminate these
aggregates via lysosomal degradation [50]. The complex molecular system involved in this task is
defined as the autophagy lysosomal pathway (ALP). [t includes core ATG products and additional
factors, with a total of about 500 components [51]. The aggregated proteins can be accumulated
in ubiquitin-positive regions, where the autophagic system is recruited by chaperones in a process
known as chaperone-assisted selective autophagy (CASA) [52-54]. In normal unstressed conditions,
the soluble proteins that need to be degraded can also be eliminated by a different type of autophagy,
defined as chaperone-mediated autophagy (CMA). This response first involves the action of Hsc70,
which can recognize the substrate and then the lysosomal translocation, operating through the
lysosomal receptor LAMP2A (lysosome-associated membrane protein 2A). CMA avoids the formation
of the autophagosome [55]. Although both UPS and ALP display an important grade of specificity
toward their variety of substrates, they are connected to each other. They often compensate for each
other when one of these two pathways is not working properly [56-59].
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3. Cellular Responses to the Unfolded Proteins

Despite the presence of the chaperone systems, some errors occur during folding and many
stressors such as heat, heavy metal ions, oxygen radicals, and mutations can hamper the correct folding.
A misfolded or unfolded protein is not functional and can elicit a pathological condition derived from its
aggregation [1,60-63]. Folding maturation in the endoplasmic reticulum (ER) is a difficult task. Proteins
of the secretory pathway, if unable to fold correctly, are retained in ER and then retro-translocated to
the proteasome for their degradation. The process is called ER-associated degradation (ERAD) [64].
A fundamental role in ERAD is played by the cytosolic ATPase p97 (VCP/Cdc48). This ATPase is
involved in delivering the ubiquitylated unfolded proteins from ER to the proteasome through ATP
hydrolysis [65]. If this system is overloaded, the accumulation of incorrectly folded proteins occurs
in ER, thus leading to ER dysfunctions, including an altered redox equilibrium. These conditions
are responsible for the induction of ER stress [66-70]. In response to ER stress, cells activate UPR
(unfolded protein response) [71,72]. This adaptive response is important for sustaining cell survival.
To this end, UPR blocks protein translation, increases the activation of chaperones, and potentiates the
ERAD pathway. Through UPR, cells avoid the accumulation of misfolded proteins and restore the
physiological condition of proteostasis. As explained above, UPR allows cells to survive the stress
condition [64,70-73]. UPR is governed by three sensors: PERK (protein kinase RN A-like ER kinase),
IRE1 (inositol-requiring enzyme 1) and ATF6 (activating transcription factor 6) [64,74,75]. All these
sensors work in parallel to decrease ER stress. PERK and IRF1 activation can decrease protein synthesis
with the consequent reduction in the number of proteins that can enter ER. The activation of ATF6 can
upregulate the transcription of different chaperones involved in controlling protein folding [64].

PERK is a serine/threonine kinase that has several substrates. The best characterized is the
eukaryotic translation initiation factor-2 alpha (elF2x). PERK is able to phosphorylate elF2x at
serine 51 [70,71,76], thus blocking the CAP-dependent translation and diminishing ER stress [64].
Another notable substrate is NRF2 (nuclear factor erythroid-derived 2), the master regulator of redox
homeostasis [77]. PERK can phosphorylate NRF2 on Thr 80, localized within the Neh2 domain [78].
This favors the activation of NRF2 and its nuclear import. From the nucleus, NRF2 coordinates the
expression of the antioxidant response by binding the antioxidant response elements (AREs) present in
the regulatory regions of several genes [79]. Additional studies have revealed that FOXO transcription
factors [80,81] and diacylglycerol [82,83] can also be phosphorylated by PERK in order to reduce ER
stress. Other PERK-related kinases exist that can supervise different stress conditions. Protein kinase R
(PKR) is involved in the antiviral response, GCN2/EIF2AK4 (eukaryotic translation initiation factor 2
alpha kinase 4) is involved in sensing amino acid pool depletion, and, finally, HRI/EIF2AK1 (eukaryotic
translation initiation factor 2 alpha kinase 1) is activated by heavy metals, heat shock, and proteasome
inhibition [84]. All these kinases phosphorylate elF2, reduce translation, and diminish proteotoxic
stress. Interestingly, HRI also confers resistance to UPS inhibitors such as bortezomib [85].

BiP/GRP78, a HSP70 family member localized into ER, is a master regulator of UPR in response to
ER stress. It monitors the release and activation of the three sensors PERK, IRE1, and ATF6 [86,87].
PERK, IRE1, and ATF6 are constitutive clients of Bip/GRP78. The increase in protein unfolding,
by incessantly sequestering BiP/GRP78, unleashes the three sensors and activates UPR. After the
disassociation from BiP/GRP78, PERK can dimerize, and this favors its autophosphorylation and
activation [88]. The activated form of IRE1, after BiP/GRP78 release, has an endoribonuclease activity
that can splice a 26-base intron contained in the mRNA of the X-box binding protein 1 (XBP-1) [89].
The mature XBP-1 acts as a TF that supervises the transcription of genes involved in ERAD and protein
folding [90]. Finally, the dissociation of ATF6 from BiP/GRP78 permits its translocation from ER to
Golgi, where it is processed. The cleaved ATF6 can enter the nucleus where it acts as a TF to transcribe
genes such as GRP78 and GRP94, which augment the ER-folding potential [91]. This sophisticated
adaptive response allows cells to survive stress conditions. However, if the proteostasis restoration
fails, a permanent and sustained activation of UPR can be deleterious. Initially engaged to permit cell
survival, UPR can switch to triggering cell death [64,74,92].
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4. Cell Death Pathways Activated by Proteotoxic Stress

The induction of proteotoxic stress through the use of small compounds/drugs achieves a
therapeutic interest, particularly from an antitumor perspective [93]. In order to better synergize the
induction of proteotoxic stress with the available therapies, it is fundamental to dissect the molecular
mechanisms controlling cell death in response to proteotoxic stress.

4.1. The Extrinsic Pathway of Caspase Activation

It is well established that proteotoxic stress engages the mitochondrial pathway of caspase
activation [94]. However, proteotoxic stress is a broad and complex pro-death insult; additionally,
the extrinsic pathway is involved [95]. This role was suggested by early studies reporting the
upregulation of TNFRSF10B/DR5, the TRAIL receptor, in response to ER-stressors/PERK activation,
UPS inhibitors, as well as the influence of caspase-8 inhibitors on proteotoxic stress-induced cell
death [39,95-101]. More recently, it has been proposed that UPR not only upregulates DR5 expression
but misfolded proteins can directly engage with DR5 in the ER-Golgi intermediate compartment to
drive the assembly of DR5 in complexes competent for caspase-8 activation (Figure 1). This activation
can occur independently from the binding of its canonical extracellular ligand Apo2L/TRAIL [102].
Although the mechanism involved in such activation is unknown, a plausible hypothesis points to the
release of an autoinhibitory activity that normally prevents spontaneous activation of the receptor.
The increased levels of expression, the trapping in a particular membrane domain, and the priming
effect of misfolded proteins could be the culprits [102,103].

APOPTOSIS

//!,

Figure 1. Apoptotic pathways engaged by proteotoxic stress.

In the receptor-independent activation of caspase-8 following ER stress, a contribution of RIPK1
(receptor interacting serine/threonine kinase 1) has also been proposed. The contribution appears
indirect and is sustained by the use of Ripk1-deficient murine cells. The involvement of Ripk-1 in ER
stressor-induced apoptosis is still mysterious. It is independent of the kinase activity from cIAP1/2
(BIRC1/2—baculoviral IAP repeat containing 1 and 2)-mediated ubiquitylation and does not involve the
direct regulation of INK/MAPKS or CHOP [104]. ER stress can also promote inflammatory responses in
the presence of chemotherapeutic regiments. Here, again, ER stress elicits TRAIL receptor upregulation,
which results in a caspase-8/FADD/RIPK1-dependent activation of NF-kB. Similar to cell death,
inflammatory cytokine production occurs in a ligand-independent manner. The importance of this
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response is testified by the protection observed in DR5~/~ mice from taxol-induced inflammation [103].
These studies confirm that similar to other observations, the engagement of DR5 can result in different
cellular responses that are context-dependent [105].

4.2, The ATF Network

A huge plethora of studies have indicated that cell death induced by proteotoxic stress can
follow different routes. Certainly, the foremost investigated signaling pathway linking proteotoxic
stress to apoptosis regards ER stress and the consequent UPR. A key element of this pathway is
represented by ATF4 (activating transcription factor 4), a TF that belongs to the cAMP response
element-binding protein (CREB)-2 family [106]. As explained above, elF2« phosphorylation results in
the attenuation of the cap-dependent protein translation, as well as the specific translation of selected
mRNAs, including ATF4 itself. Normally, ATF4 protein is almost undetectable due to its very short
half-life and low translation efficiency [107,108]. In fact, ATF4 levels dramatically increase in response
to proteasome inhibitors because of the double effect exerted by UPR activation and the suppression
of its degradation [109]. ATF4 is structured into different domains, which comprise a basic/leucine
zipper domain (bZIP domain) that binds DNA. ATF4 interacts with several partners that influence its
variegated transactivation activities and its stability [106,107]. As a consequence, ATF4 controls the
expression of a wide range of genes that play different roles in resolving proteotoxic stress. Some of
these genes are directly transcribed by ATF4, others indirectly through the action of other TFs (Figure 2).
An example of a TF regulated by ATF4 is CHOP/GADD153 (CCAAT-enhancer-binding protein
homologous protein), an important player of the apoptotic response [110]. Again, translation of CHOP
mRNA is sustained by e[F2« phosphorylation that allows the escape from a poor translation initiation
sequence [111]. Interestingly, this signaling arm is also involved in controlling ferroptosis through both
GCN2-dependent and -independent mechanisms, which are elicited by cysteine depletion [112,113].

Figure 2. The activating transcription factor (ATF) network in response to proteotoxic stress.

ATF4 can also trigger cell death independently from CHOP. It can promote the downregulation
of the IAP family member XIAP (X-linked inhibitor of apoptosis) in a still-undefined manner.
These proteins can bind and block caspase activities but can also, through a RING zinc finger
domain with E3 ubiquitin ligase activity, promote ubiquitylation and the subsequent proteasomal
degradation of their substrates, including caspases [114].
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CHOP supervises the expression of a collection of genes. Interestingly, some of these genes
are shared with ATF4, thus suggesting the existence of a feed-forward mechanism to sustain
proteotoxic-dependent gene expression [115]. Similarly, the control operated by ATF6 on CHOP
transcription can be viewed as a cooperative mechanism to resolve proteotoxic stress [116]. A gene
under the direct transcriptional control of CHOP is DR5 [103,117,118]. A CHOP-binding site is present
in the 5’-flanking region (position -281 and -216 from TSS) of the DR5 gene [117]. Moreover, ATF3,
another ATF/CREB family TF that facilitates apoptotic cell death, is involved in the ER stress-mediated
DR5 induction in human p53-deficient colorectal cancer cells [119,120]. TRAIL-R1/DR4 is also engaged
by ER stress, although with less relevance. CHOP/ATF4 can also promote DR4 upregulation, although
with differences among models and cell lines and via both transcriptional and post-transcriptional
mechanisms [121,122].

ATF5 is another ATF/CREB family member under CHOP/ATF4 control (Figure 2). Transcriptional
upregulation occurs via the direct binding of CARE elements in the ATF5 promoter [115,123]. Similar
to ATF4 and CHOP, ATF5 is preferentially translated once elF2 is phosphorylated. Among the

ATF5-dependent genes involved in apoptosis, the BH3-only protein NOXA/PMAIP1 can be found [123].

Experimental downregulation of each of these TFs (ATF3, ATF4, ATF5, and CHOP) results in the
abrogation of NOXA induction in response to proteotoxic stress. Hence, they all contribute to sustaining
the feed-forward loop that drives apoptosis [115,123,124].

4.3. The BCL2 Family Members

NOXA/PMAIP1 is a BCL-2 proapoptotic family member that plays important roles in different
apoptotic responses. NOXA is the smallest of BH3-only proteins (54 residues), and its expression
is dramatically upregulated after proteotoxic stress [125]. Initially identified as a TP53 target
gene [126], further studies have demonstrated that its transcription can be potently upregulated by
TP53-independent mechanisms under different stress conditions, including oncogenic transformation

and proteotoxic stress [127-130]. NOXA depletion impairs apoptosis in response to proteotoxic stress.

NOXA can act as either sensitizer and activator by virtue of its BH3 domain, which is inserted into the
hydrophobic-binding groove of multidomain proapoptotic or antiapoptotic BCL2 family members. Asa
sensitizer, it interacts with MCL1, BCLXL, and BCL2A1 (Figure 1). In this manner, NOXA interrupts
the sequestration operated by these antiapoptotic proteins against multidomain proapoptotic proteins
such as BAX and BAK. As a consequence, NOXA unleashes the pro-death activities (oligomerization
and channel formation) of BAX/BAK. In contrast, as an activator, NOXA directly binds and activates
BAX/BAK [131-134]. Curiously, murine Noxa contains two BH3 domains (A and B, encoded by exons
2 and 3), with only the BH3 domain B conserved in humans [126].

Additional mechanisms are used by proteotoxic stress to engage the mitochondrial pathway of
caspase activation. BIM/BCL2L11 and PUMA/BBC3 are other BH3-only proteins, of which upregulation
was reported in several models of proteotoxic stress and, particularly, during ER stress. The ablation of
these proteins influences the death response to proteotoxic stress [84,93,94]. BIM was reported as being
a transcriptional target of CHOP [135]. Similarly, PUMA expression is induced through transcriptional
upregulation in response to an ER stress stimulus in a variety of human cell lines [136,137]. In addition
to the action on BH3-only proteins, proteotoxic stress can downregulate BCL2 at a transcriptional
level through CHOP [138] (Figure 1). Moreover, JNK activation via the IRE1 pathway triggers BCL2
and BCLXL phosphorylation and their subsequent inactivation [139,140]. Among the different routes
that proteotoxic stress can engage to trigger apoptosis, the regulation of BOK (BCL2 family apoptosis
regulator BOK) must also be included. This proapoptotic BCL2 family member is normally expressed
at low levels. In fact, it is constitutively degraded, with a short half-life of 15 min. During proteotoxic
stress, E3 ligases such as gp78, which mediates BOK degradation, become saturated because of
the accumulation of misfolded proteins. Hence, BOK can accumulate to favor mitochondrial outer
membrane permeabilization [141]. Normally, DNAJB12 (JB12) contributes to maintain low levels of
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BAK and to sustain the survival of cancer cells. This chaperon is an ER-associated Hsp40 family protein
that recruits Hsp70 to the ER surface in the protein quality control system [142].

4.4. Additional Cell Death Responses

When proteotoxic stress advances, UPSbecomes clogged by the accumulation of polyubiquitylated
proteins. Blocking the proteasome affects the expression of unstable signaling proteins and, therefore,
signaling pathways controlling cell survival and cell death are modulated. Two important UPS
targets, controlling the survival/death switch, are the inhibitors of NF-kB, IkBa [143], and TP53 [144].
Furthermore, elements of the apoptotic machinery, both pro- and antiapoptotic, such as NOXA, BIM,
and MCL1, also accumulate in response to UPS saturation [29,145,146]. MCLI1 stabilization represents
the dark side in the anticancer effect engaged by UPS inhibitors. Interestingly, multiple kinase inhibitors,
such as erlotinib, rapidly enhance UPS-dependent degradation of MCL1. Erlotinib upregulates NOXA
expression, which, in turn, through the action of the mitochondria-associated ubiquitin ligase MARCH5
supervises MCL1 degradation [147,148]. Similar to MCL1, other pro-survival proteins such as IAPs
(XIAP, cIAP1, and c[AP2 in mammals) accumulate in response to proteotoxic stress-dependent UPS
saturation [149]. The activities of these proteins can be instrumental in maintaining cell survival under
stress conditions. For example, AIRAP, a proteotoxic-stress gene regulated by the master TF HSF1
(heat-shock factor 1), can regulate cell survival by controlling the levels of cIAP2 [150]. The switch
between cell survival/death must also imply control over IAPs. An example is the ability of tunicamycin
and thapsigargin (two ER stressors) to reduce XIAP levels in a number of mammalian cell lines [114].
XIAP translation can be reduced in a PERK-mediated manner, and ATF4 promotes its degradation, a
new scenario that can contribute to reducing the threshold required for caspase activation.

As indirect consequences elicited by proteotoxic stress can favor cell death, the accumulation
of ROS and the alterations of calcium homeostasis must be mentioned. These cofactors can be the
deleterious corollaries of the progressive impairments in the clearance capacities normally operated by
UPS and autophagy. Accumulation of unfolded proteins and aggregates impact ER and mitochondrial
functions, thus leading to alterations in ROS and calcium levels that, in turn, engage further signaling
events leading to cell death. How these events integrate with classic apoptotic signaling is not clear.
In some studies, induction of oxidative stress can be observed in the initial phases of proteotoxic
stress [84,151,152]. Certainly, the augmented levels of ROS and calcium can be responsible for the
induction of alternative forms of death in response to the proteotoxic stress observed in different
studies [153,154]. In general, the appearance of nonapoptotic or alternative forms of cell death in
response to proteotoxic stress is a less investigated item [155-157]. Frequently, these necrotic-like
responses appear when apoptosis is defective. Interestingly, in a model of toxicity elicited by mutant
Huntingtin, a new hypothesis to explain the apoptotic/necrotic switch has been proposed. If the
sequestered mutant protein is soluble, cells are characterized by hyperpolarized mitochondrial
membrane potential and increased levels of reactive oxygen species, and cell death occurs via apoptosis.
Instead, when mutant Huntingtin is present as aggregates, where other cellular proteins can be
sequestered, a collapse in mitochondrial potential, cellular quiescence, and deactivated apoptosis occur.
Overall, this response curtails cellular metabolism and leads to a slow death by necrosis [158]. Clearly,
this model must be verified with general inducers of proteotoxic stress, but it is an interesting hy pothesis
that deserves further study. Necrotic proteotoxicity can be hampered by NRF2, possibly through the
formation of autophagosomes aimed at decreasing the ubiquitylated protein aggregates [159]. Finally,
in the necrotic arena, a new role of NOXA cannot be excluded, since its mitochondrial targeting domain
(MTD) can trigger mitochondrial fragmentation and necrosis [160].

Necroptosis is a specific form of cell death activated through the serine/threonine kinases RIPK1
and RIPK3 and the pseudokinase MLKL [161]. Compounds that trigger necroptosis can also activate
UPR [162,163]. This observation suggests some links between proteotoxic stress and necroptosis.
However, as similarly discussed below for ferroptosis, itis not simple to discriminate if UPR engagement
is within a pro-survival effort rather than an effective contribution to the cell death process. Importantly,
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a study aimed at investigating the involvement of UPR in the “classical necroptosis” induced by
TNF-« discovered that two commonly used PERK inhibitors, GSK2606414 and GSK2656157, are indeed
potent RIPK1 inhibitors [164]. Certainly, RIPK1, in its pleiotropic activities, can also antagonize
proteotoxic stress-induced cell death. Overexpression of RIPK1 enhances the induction of autophagy
and confers resistance of melanoma cells to ER stress-induced cell death [165]. Finally, during UPR
and ER stress induced by hypoxia, which characterize preeclampsia, the contribution of necroptosis
has been excluded. Instead, pyroptosis linked to the activation of the NLRP3 inflammasome, through
the activity of thioredoxin-interacting protein (TXNIP), has been proposed [166].

Ferroptosis is a specific form of iron-dependent cell death, characterized by the accumulation
of lipid peroxides due to the failure of glutathione-dependent antioxidant defenses [167,168]. Few
data are available about the implications of ferroptosis in the proteotoxic stress-induced cell death. It
is possible that connections exist, as recently discussed [169]. In particular, if we take into account
that different ferroptotic agents can also trigger UPR [170,171], the involvement of UPR, at least in
the initial phase, can be viewed as a pro-survival strategy [172], as discussed above for necroptosis.
On the other hand, ROS could be the link between ferroptosis and proteotoxic stress. For example,
glutathione peroxidases can regulate ferroptosis through their ability to reduce hydroperoxy groups in
complex lipids and to silence lipoxygenases. However, they can also play a part during the oxidative
protein-folding control in ER by reacting with protein isomerase as an alternate substrate [173].

A final important point concerns the heterogenous response of cell populations to proteotoxic
stress. It is well known that although exposed to the same intensity of proteotoxic stress, some cells die
while others survive. Clearly, the availability of a pool of chaperones is a critical condition. Particularly,
for ER stress, the ER resident chaperone BIP is a key factor during the switch from proteostasis to
proteotoxicity [174]. HSF1 is the master regulator of chaperone expression in response to proteotoxic
stress. Under stress conditions, HSF1 is phosphorylated and it trimerizes and binds regulative elements
in chaperone genes, thus driving their transcription [175]. Recently, a model has been proposed
where membrane-less organelle foci of HSF1 regulate the cell decision in terms of survival/death.
In the presence of prolonged stress, the biophysical properties of HSF1 foci can undergo a change.
Small, fluid condensates enlarge into indissoluble gel-like arrangements, where HSF1 is immobilized.
Consequently, chaperone gene expression decreases, leading to cell death by apoptosis [176].

5. Proteotoxic Stress in Cancer Cells

For a detailed discussion on proteotoxic stress and cancer, we refer to previously published
reviews, some of them cited thereafter. In this section, we would like to provide only a general
overview of this topic.

The protein synthesis process is intrinsically prone to errors. It has been estimated that in
mammalian cells, more than 30% of newly synthesized proteins are degraded by the proteasome within
minutes from their translation [177]. These quickly degraded proteins are called defective ribosomal
proteins (DRiPs) or rapidly degraded polypeptides (RDPs). If not removed, DRiPs can increase
proteasome loading and the consequent induction of proteotoxic stress [178]. Cancer cells generally

boost protein synthesis and, therefore, DRiPs accumulate more rapidly than in normal cells [93,179].

For example, cancer cells frequently overactivate the mTORC1 pathway. This pathway is required to
promote elevated levels of protein synthesis, a condition that obliges cancer cells to pay tribute to the
proteasome to avoid the accumulation of misfolded proteins. This dependence from the proteasome has
been exploited to kill cancer cells via small compounds blocking UPS [36,180-182]. The fundamental
role of the proteostasis in cancer cells is further underlined by the formation of immunoproteasomes as
a secondary mechanism to manage the increased proteotoxic stress arising in mutated cells for RAS,
PTEN, TSC1, or mTORC1 [180,183]. Environmental conditions, which are commonly exacerbated in
tumors, such as hypoxia, oxidative stress, and nutrient deprivation, are additional inducers of protein
misfolding and proteotoxic stress [84,94,178].
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A still poorly explored aspect of proteotoxic stress is its connection with cellular metabolism [184,185].
It seems that the switch towards an oxidative metabolism rather than glycolysis renders cancer cells
resistant to the UPS inhibitor bortezomib. The regulation of the mitochondrial state could represent an
additional mechanism of adaptation to proteotoxic stress that could be addressed from a therapeutic
perspective [186].

In addition to the amplified levels of protein synthesis and the environmental conditions,
genetic alterations accumulated in cancer are other sources of proteotoxic stress. Aneuploidy,
copy number variations, and point mutations are common genetic alterations in cancers that can
induce proteotoxic stress [187-191]. Aneuploidy is also associated with many types of stresses in
cancer cells, which include both metabolic and oxidative stresses [192]. In aneuploid cells, protein
complex stoichiometry imbalances are important causes of protein aggregation and proteotoxic stress
induction. The uncoordinated expression of a single subunit of protein complexes, encoded on excess
chromosomes, leads to its aggregate state. The excess subunits are degraded, or they aggregate,
with protein aggregation nearly as effective as protein degradation for lowering the levels of excess
proteins [193]. In aneuploid cells, the induction of HSF1 is also, in some way, compromised. This deficit
is transduced in the impaired expression of HSP90, accumulation of misfolded proteins, and the
appearance of proteotoxic stress [194]. Similarly, overexpression of genes, as well as the accumulation
of mutations in coding regions, can alter normal proteostasis [195]. These mutations would produce
protein variants that are more prone to misfolding, degradation, and aggregation [191].

Cancer cells convive with proteotoxic stress by upregulating all the possible mechanisms that are
able to maintain proteostasis [196-204]. As a consequence, cancer cells are more dependent on the
presence of HSPs from UPS for their growth and survival [205,206]. Among HSPs, HSP90s and HSP70s

are critical for escaping from antiproliferative signals, resisting cell death, and evading senescence.

Additionally, these chaperones are involved in many distinct tracts of cancer cells, including drug
resistance, angiogenesis, and metastasis [207,208]. Clearly, impacting these adaptive mechanisms has
important consequences to the survival of cancer cells [209,210]. This dependence has attracted interest
in developing therapeutic approaches aimed at switching-off these adaptations and thus unleashing
all the dramatic consequences of the unresolved proteotoxic stress [210-218]. In some circumstances,
adaptations to proteotoxic stress can favor the resistance to other therapeutic regiments, as observed for

HSF1 and the resistance to the receptor tyrosine kinase (RTK) inhibitor lapatinib in breast cancer [219].

Interestingly, the master regulators of ER stress and UPR (ATF3/4/5/6 and CHOP) are highly expressed
in a fraction of bladder, kidney, and prostate cancers, indicative of high levels of proteotoxic stress
(Figure 3A). These subgroups of tumors exhibit aggressive behavior characterized by a reduction of
overall survival (Figure 3B).
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Figure 3. ATF factors in cancer. (A) Oncoprint of mRNA expression variations for the indicated TFs.
Data were obtained from the TCGA database and include RN Aseq data from patients, as indicated.
The heatmap shows the alterations in the expression levels and was generated through cBioPortal
(httpy//www.cbioportal.org). mRINA expression z-scores are relative to diploid samples (RNA Seq
V2 RSEM). (B) Kaplan-Meier survival analysis related to the alterations in the mRNA levels of the
ATF network. All cases were analyzed and clustered into two groups according to ATF3/4/5/6 and

DDIT3/CHOP alterations in the expression levels, as illustrated in (A). Data were generated through
cBioPortal (http://www.cbioportal.org).

6. Conclusions

Proteostasis is a fundamental task for every cell. The evolution has sculptured elaborate
interconnected mechanisms to maintain proteostasis. Some of these mechanisms have been highly
conserved through evolutionand, with the appearance of eukaryotic cells, each subcellular compartment
has evolved a dedicated set of strategies [220,221]. Proteostasis alterations and the induction of
proteotoxic stress are responsible for several pathological conditions, particularly in neurodegenerative
diseases, including Huntington’s, Parkinson’s, amyotrophic lateral sclerosis, and Alzheimer’s
diseases [222]. On the other hand, small compounds that are able to trigger proteotoxic stress
or target the machinery resolving proteotoxic stress are actively investigated as anticancer agents [93].
Undoubtedly, the central role played by proteotoxic stress in the cell life/death decision guarantees that
by studying its regulation or developing new compounds aimed to improve or impair its appearance,
benefits for the human health will be generated.
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Enhancing Proteotoxic Stress in Leiomyosarcoma Cells
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Leiomyosarcomas are rare and aggressive tumors character-
ized by a complex karyotype. Surgical resection with or without
radiotherapy and chemotherapy is the standard curative treat-
ment. Unfortunately, a high percentage of leiomyosarcomas
recurs and metastasizes. In these cases, doxorubicin and ifosfa-
mide represent the standard treatment but with low response
rates. Here, we evaluated the induction of proteotoxic stress as a
possible strategy to kill leiomyosarcoma cells in a therapeutic
perspective. We show that aggressive leiomyosarcomas coexist
with high levels of proteotoxic stress. As a consequence, we
hypothesized that leiomyosarcoma cells are vulnerable to further

Introduction

Leiomyosarcomas (LMS) are rare and aggressive tumors that show
some smooth-muscle features and represent approximately 10% of
soft-tissue sarcomas (STS) of adults. Leiomyosarcomas are character-
ized by high mutational burden and a complex karyotype (1, 2). Recent
progresses in genomic studies have provided a better dlassification of
STS, including leiomyosarcomas and outlined the complex pattern of
mutations (3-5).

The therapeutic perspectives for advanced leiomyosarcomas have
not improved during the last decades. Available treatments are surgery
and radiotherapy. Unfortunately, local recurrence and metastasis
occur in approximately 40% of patients (2). Since the 1970s, doxoru-
bicin is the first-line treatment with few additional options (6).
Recently, some hopes have been raised by olaratumab, a human mAb
that inhibits the PDGF receptor-ot. Disappointingly, a phase I1T clinical
trial in patients with advanced ST, including several leiomyosarco-
mas, did not evidence significant differences in overall survival after

'Department of Medicine, Universita degli Studi di Udine, Udine, Italy. ?Diparti-
mento di Sdenze Chimiche e Farmaceutiche, Universita degli Studi di Trieste,
Trieste, Italy. *Department of Clinical and Biological Sciences, University of
Torino, ¢/o San Luigi Gonzaga Hospital, Orbassano, Toring, Italy. *Sarcoma Unit,
Division of Medical Oncology, Candiolo Cancer Institute, FPO-IRCCS, Candiolo,
Torino, Italy. SDepartment of Oncology, University of Torino, Torino, Italy.
Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Claudio Brancolini, Department of Medicine, Universita
di Udine, P. le Kolbe 4, Udine 33100, Italy. Phone: 39 043 249 4381; E-mail:
claudio.brancolini@uniud.it

Mol Cancer Ther 2021;5XX: XX-XX

dol: 10.1158/1535-7163.MCT-20-0521

©2021 American Association for Cancer Research

increases of proteotoxic stress. The small compound 2¢ is a
strong inducer of proteotoxic stress. In leiomyosarcoma cells, it
triggers cell death coupled to a profound reorganization of the
mitochondrial network. By using stimulated emission depletion
microscopy, we have unveiled the existence of DIABLO/SMAC
clusters that are modulated by 2c. Finally, we have engineered a
new version of 2c linked to polyethylene glycol though a short
peptide, named 2¢cPP. This new prodrug is specifically activated
by proteases present in the tumor microenvironment. 2cPP
shows a strong antitumor activity in vivo against leiomyosarco-
mas and no toxicity against normal cells.

treatment with doxorubicin plus olaratumab versus doxorubicin plus
placebo (7). Hence, new therapeutic approaches are urgently needed.

An unbalanced proteostasis triggers proteotoxic stress and, if
unresolved, leads to cell death (8). In general, cancer cells present
higher levels of proteotoxic stress. The increased metabolic and
proliferative rates require elevated levels of protein synthesis, a process
prone to errors (9). They are also more exposed to reactive oxygen
species (ROS) and starvation, which can cause protein misfold-
ing (8, 10). Aneuploidy, copy-number alterations, and the accumu-
lation of point mutations in coding sequences are additional sources of
proteotoxic stress (10-12). Cancer cells coexist with an increased level
of proteotoxic stress by upregulating mechanisms counteracting
protein misfolding including chaperones, the ubiquitin-proteasome
system, and macroautophagy. As a consequence, cancer cells show
an enhanced vulnerability to a further increase of proteotoxic stress
and are more prone to die (10). Therefore, a new therapeutic option
could be the exploitation of small molecules capable of triggering
proteotoxic stress (13-15). In this article, we augmented the pro-
teotoxic stress in leiomyosarcoma cells to elicit cell death. We
used the small molecule 2c, a diaryldienone derivative, which is
awell-known inducer of proteotoxic stress. These compounds make
covalent adducts with free thiols by Michael addition (16, 17). In a
therapeutic perspective, we have also engineered a new prodrug
version of 2¢ that is activated in the tumor microenvironment after
proteolytic cleavage.

Materials and Methods

Cell culture conditions, drug treatments, and propidium iodide
staining

Leiomyosarcoma cell lines (SK-UT-1, SK-LMS-1, and DMR) were
validated by RNA profiling and grown as described previously (18).
The primary human uterine smooth-muscle cells (HUtSMCs) were
obtained from ATCCandused within eight passages. All cell lines were
weekly tested to be free from Mycoplasma contamination using
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Hoechst 33258 (Sigma) staining and microscopic inspection. For
propidium iodide (PT) staining, cells were collected and resuspended
in 0.1 mL of PBS and incubated with 10 pg/mL of PI (Merck), for 5
minutes at room temperature. PI fluorescence positivity was deter-
mined with Countess II FL automated cell counter (Invitrogen).

Mutation rate and y

The Cancer Genome Atlas (TCGA) tumor mutation counts
based on exome-sequencing data, as well as information on the
fraction of genome altered (FGA) defined by SNP arrays, were
downloaded from cBioPortal (19). We analyzed the whole Sarcoma
dataset (TCGA, PanCancer Atlas; n = 255) and within this dataset
the patients with leiomyosarcoma (n = 100; ref. 20). From the same
repository, we also retrieved the most recently updated matched
Cancer Cell Line Encyclopedia (CCLE) samples (21) focusing on
leiomyosarcoma cell lines.

Survival analysis

The R/Bioconductor package cgdsr was used to retrieve gene
expression (RSEM) and clinical data from patients with leiomyo-
sarcoma. The Kaplan-Meier survival analysis was performed con-
sidering the median expression value of each gene signature using
the R/Bioconductor survival package as described previously (22).
We used the “optimal” cut-off point to dichotomize the patients. To
select the best cutoff, the R/Bioconductor SurvMisc package was
used (23).

Chemicals, antibodies, and immunoblotting

The following chemicals were used: PI, Ferrostatin-1, Erastin,
Thapsigargin, and DMSO (Merck); Bortezomib (LC Laboratories);
TNF-related apoptosis-inducing ligand (TRAIL; ref. 24); Boc-D-fmk
(Abcam); Necrostatin-1 (Enzo Life Sciences); 17-(Allylamino)-17-
demethoxygeldanamycin (17-AAG; Cayman Chemicals). Immuno-
blotting was performed as described previously (25). After blocking
for 1 hour at room P e, branes were incubated with
the primary antibodies. The primary antibodies used were anti-Actin
and NOXA/PMAIP1 (Merck), DIABLO/SMAC (26), HDAC4 (27),
Ubiquitin (Covance), elF2c, and p-elF2a (Ser51; Cell Signaling
Technology). Next, membranes were incubated with the proper
horseradish peroxidase-conjugated secondary antibody for 1 hour at
room temperature (Merck). Blots were developed using Super Signal
West Dura (Pierce Waltham).

RNA extraction and qRT-PCR

Cells were lysed using Tri-Reagent (Molecular Research Center). A
total of 1.0 ug of total RNA was retrotranscribed by using 100 units of
M-MLV Reverse transcriptase (Life Technologies). qRT-PCRs were
performed using SYBR green technology (KAPA Biosystems). Data
were analyzed by comparative threshold cycle using HPRT and
GAPDH as normalizer.

Synthesis of 2cPP and other 2¢ derivatives

Inhibitors 2c and 2cPE were prepared as reported previously (28).
DU-DC2 was obtained in a 51% total yield by conversion of 2c into
the O-succinimidoyl ester 2c-OSu (28) followed by reaction of the
resulting activated ester with b-alanine. DU-MS1 was obtained in three
steps and 56% total yield from 2¢-OSu: the spacer was introduced first
by reaction of the activated ester with 1,3-diaminopropane and
the resulting amine was reacted with N-Boc-(L)-leucine under stan-
dard peptide coupling conditions (EDC, HOB). Finally, the Boc
protection was removed with trifluorcacetic acid. 2cPP was synthe-

2 Mol Cancer Ther; 2021

sized in 77% yield with a ¢ approach: hoxy poly-
ethylene glycol (PEG; 5,000 kDa) was converted into the correspond-
ing succinimidoyl ester and this compound was reacted with b-alanine
giving the PEG-5000-spacer fragment. The Gly-Gly portion was
assembled sequentially by reaction of this fragment with glycine benzyl
ester, followed by deprotection. The coupling (EDC, HOBt)—depro-
tection (H2, Pd/C) cycle was repeated twice to introduce the two Gly
residues. The PEG-Spacer-Gly-Gly building block thus obtained
was finally coupled to DU-MS1 (EDC-HOBt) giving 2cPP. All new
compounds had spectral (1H NMR, ESI-MS) data in agreement
with the structure. Full details of the syntheses will be reported
elsewhere.

Proteases analysis

The list of peptidases was obtained from MEROPS, the peptidase
database (https://www.ebiac.uk/merops). mRNA expression levels
(RSEM data) of the selected peptidases in patients with leiomyosar-
comas (n = 99) were derived from the Sarcoma dataset [TCGA,
PanCancer Atlas; n = 255 (20)]. The mRNA expression levels of the
selected peptidases in the leiomyosarcoma cell lines were retrieved
from the CCLE database (29).

and

depletion microscopy

For immunostaining, cells grown on No. 1.5 coverslips were fixed
with 3% paraformaldehyde (Merck) for 20 minutes at room temper-
ature, quenched with 100 mmol/L glycine for 5 minutes, and permea-
bilized with 0.5% Triton X-100 for 5 minutes. Nonspecific binding was
blocked with 1% BSA (Merck) in PBS for 1 hour at room temperature.
Primary and secondary antibody incubations were carried outat 37°C
in PBS supplemented with 1% BSA and 0.5% Triton X-100, for 45 and
30 minutes, respectively. The following primary antibodies were used:
anti-DIABLO/SMAC [(26), 1:100 dilution]; anti-ATP Synthase [
(Thermo Fisher Scientific, catalog No. MA1-930, 1:200 dilution);
anti-Cytochrome ¢ (CytC; Thermo Fisher Scientific, catalog No. 33-
8200, 1:100 dilution). Secondaries included Alexa Fluor 532-conju-
gated anti-mouse (catalog No. A11002) and anti-rabbit (catalog No.
Al11009) antibodies, and Alexa Fluor 568-conjugated anti-mouse
(catalog No. A11019) and anti-rabbit (catalog No. A21069) F(ab')2
fragments (Thermo Fisher Scientific, 1:100 dilution). Coverslips were
mounted in Mowiol (Merck) supplemented with 2.5% DABCO
(Merck).

Comparative confocal and stimulated emission depletion (STED)
images were acquired on a Leica TCS SP8 STED confocal micro-
scope (Leica Microsystems) equipped with a pulsed white-light
excitation laser, a 660-nm STED depletion laser, HC PL APO CS2
100%/1.40 oil objective and time-gated hybrid detectors. Excitation
was carried out at 514-nm for Alexa Fluor 532 and at 580 nm for
Alexa Fluor 568. Signal was detected at 520 to 565 and 590 to
650 nm, respectively. Both fluorophores were depleted using the
660-nm laser. Images from single optical sections were acquired in
sequential scanning mode using Leica Application Suite X (LAS X)
3.5.5 software. Contrast was linearly adjusted on the whole image
using Adobe Photoshop. Averaged intensity profiles were measured
along a 60-nm-wide line using LAS X. Each profile was normalized
to its respective peak intensity.

Leiomyosarcoma xenograft tumors in mice

Six-week-old female athymic nude-foxnlnu mice (Envigo Italy)
were utilized for SK-UT-1 xenograft experiments. Animal studies were
carried out according to the guidelines enforced in Italy (DDL 116 of
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Feb 21, 1992 and subsequent addenda) and in compliance with the
Guide for the Care and Use of Laboratory Animals, Dcpanmem of

ic Stress in L omas

Gene profile studies performed in B-cell chronic lymphocytic leukemia
(B-CLL) have identified, among the early response genes to 2c, several

Health and Human Services Publication No. 86-23. In vivo
were established from initial subcutaneous injection of SK-UT-1 cells
in 12mice. For DMR xenografts, 2 x 10° DMR cells were embedded in
ice-cold 50% growth factor-reduced BD Matrigel TM (BD Bio-
sciences): PBS and subcutaneously injected into the right flank of
6-week-old female NSG mice (Charles River Laboratory). When
tumor size was approximately 0.1 cm’, mice were treated intravenously
every 4 days, for three times with 170 mg/kg of 2cPP dissolved in PBS.
Before treatment, mice were igned to experi al

its of the pr ic response, including: chaperons, pro-
teasomal subunits, and antioxidants (16). We selected a signature of
38 genes upregulated in B-CLL cells in response to 2c (Supplementary
Table S1) to eval its dy lation in lei comas. Figure 1E
shows that this general signature is highly expressed in the subgroup of
patients that shows a worse prognosis. We extracted from this general
signature a specific signature of 18 genes that collects elements of the
proteotoxic response, as defined by the Gene Ontology or by literature

groups (n = 2 with 6 mice/group). All am.mals were checked daily,
and eventual behavioral changes, ill health, or mortality was recorded
for each animal. At the end of the experiments, mice were sacrificed
and autopsy was performed on all mice: thoracic and abdominal cavity
was open, and all major organs were macroscopically examined. Livers

from all animals were collected and weighted.

Statistical analysis

For experimental data, Student f test was employed. For compar-
isons between samples >2, ANOVA test was applied coupled to
Kruskal-Wallis and Dunn multiple comparison test. We marked with
°, P< 005", P<001; """, P<0.001. Unless otherwise indicated, all
the data in the figures were represented as arithmetic means =+ the SDs
from at least three independent experiments.

Results
ic alterations and pr ic stress in leiomyosarcomas
Induction of proteotoxic stress can be observed in relation to
genomic alterations (10, 11, 12). The overexpression of genes, as well
as the accumulation of mutations in coding regions, can alter the
normal proteostasis (12, 30). These mutations would produce protein
variants that are prone to misfolding, degradation, and aggregation.
To unveil the origin and the extent of proteotoxic stress, we
evaluated the FGA in leiomyosarcomas and in STS. FGA is the per-
centage of genome that has been affected by copy-number gains or
losses (31). More than 50% of patients with leiomyosarcomas show
avery high percentages of genetic alterations (FGA > 50%). STS groups
are a heterogeneous family of tumors that also comprise synovial
sarcomas, marked by few genomic alterations. Not surprisingly, FGA
is heterogeneous also in STS (Fig. 1A). Next, we compared the
mutations burden [(mutation counts (MC)] in relation to FGA in
leiomyosarcomas and STS (Fig. 1B and C). The mutations burden is
also heterogeneous in leiomyosarcomas, with few cases presenting
hlgh MC (>100). Similar heterogeneity is observed in STS where
comas and m i coma comprise cases with the
highest MC, whereas synovial sarcomas and dedifferentiated liposar-
comas are characterized by lower MC (Supplementary Fig. $1).
Afterward, we evaluated FGA and MC in three leiomyosarcoma cell
lines (RKN, SK-LMS-1, SK-UT-1). For comparison, we used fibro-
blasts asa reference of anormal genome. Interestingly, SK-LMS-1 cells
resemble leiomyosarcomas with high FGA and relative low MC. In
contrast, SK-UT-1 cells represent leiomyosarcomas, characterized by
relative low FGA but high MC (Fig. 1D). As reported previously, more
mutations are present in the cell lines compared with tissues (31). For
the subsequent studies, we selected SK-LMS-1 and SK-UT-1 cells, as
models of two different landscapes of genetic alterations observed in
leiomyosarcomas.
The small molecule 2¢ makes covalent adducts with free thiols of
cysteines and triggers proteotoxic stress and cell death (16, 17).

AACRJournals.org

(Suppl y Table S1 or Supplementary Table $2). Not surpris-
ingly, the proteotoxic signature comprises several chaperones. Inter-
estingly, patients with reduced survival are characterized by high levels
of expression of the 2c proteotoxic stress signature (Fig. 1F). More-
over, there is a good correlation between patients with leinmynsarm-
mas with high MC (>46 n = 39) and the expression of the 2c
proteotoxic signature (r = 0.46; P = 0.00325).

2c triggers pr stress, mit y , and
cell death in leiomyosarcoma cells

The previous analysis suggests that aggressive leiomyosarcomas are
characterized by high levels of proteotoxic stress. In these tumors, a
further increase of protein misfolding could be deleterious for the
survival of the neoplastic cells. To investigate this hypothesis, we
evaluated the ability of 2¢ to trigger proteotoxic stress in SK-UT-1 and
SK-LMS-1 cells. As a measure of proteotoxic stress induction, the
mRNA levels of three chaperones: HSPAIA, HSPA6, and DNAJB6
were analyzed.

The expression levels of HSPAIA and HSPA6 are dramatically
upregulated in the two leiomyosarcoma cells in response to 2c. In
contrast, DNAJBG6 remains unaffected or slightly decreases (Fig. 24).
The induction of 2c-dependent proteotoxic stress is coupled with the
appearance of cell death in both cell lines (Fig. 2B). This cell death is
partially dependent on caspases, as proved by the incomplete effect of
the caspase inhibitor (Fig. 2B). The bination TRAIL/E ik
was used as a reference for the caspase-dependent cell death. 2c-
induced cell death is unrelated to ferroptosis and only marginally
entails necroptosis (Supplementary Fig. S2A). Erastin proved the
efficiency of the ferroptosis inhibitor ferrostatin-1 (Supplementary
Fig. $2B). To further confirm the induction of proteotoxic stress, cells
were cotreated with 2c and the HSP90 inhibitor 17-AAG. The two
compounds show an additive pro-death effect, particularly when used
at low doses (Supplementary Fig. S2C). The pleiotropic nature of the
cell death response elicited by 2c was also observed in previous
studies (16, 17, 25, 26).

ECs, values for 2c are 4.47 + 1.04 pmol/L in SK-UT-1 and 15.60 +
2.81 pmol/Lin SK-LMS-1 cells (Supplementary Fig S2D). The differ-
ential sensitivity to proteotoxic stress of the two leiomyosarcoma cells
is confirmed by other inducers of proteotoxic stress: the proteasome
inhibitor bortezomib and thapsigargin, an inhibitor of the SERCA
transport ATPase (10), Both stressors are less potent in SK-LMS-1 cells
with ECs, values of 32.79 + 0.67 umol/L (bortezomib) and 33.64 +
0.54 pmol/L (thapsigargin) compared with 23.13 + 0.75 pmol/L and
2892 + 0.57 pmol/L, respectively, in SK-UT-1 cells. In summary,
leiomyosarcoma cells with higher MC are more sensitive to proteo-
toxic stress.

Cell death in leiomyosarcoma cells is characterized by the upregula-
tion of the BH3-only protein NOXA/PMAIP1 (Fig. 2C), a component
of the apoptotic pathway elicited by endoplasmic reticulum stress (12).
The induction of caspase activity by 2c is verified by the proteolytic
processing of death substrate HDAC4 (27). As expected, 2¢ triggers the
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Figure 1.

Months

Analysis of the mutational burden in patients with sarcoma and leiomyosarcoma. A, FGA in patients with sarcoma and leiomyosarcoma. Percent stacked bar charts
illustrating the distribution of patients with sarcoma (n = 255) and leiomyosarcoma (1 = 100) considering the FGA parameter (patients were divided into four
groups based on this value). Data taken fromthe TCGA-PanCancerAtlas. B, Scatter plot showingthe FGA and the distribution of MC in patients with leiomyosarcoma
(n =100), Data taken from TCGA-PanCancerAtias. C, Scatter plot showing the FGA and the distribution of MC in patients with sarcoma (n = 255). Data taken from
TCGA-PanCancerAtlas. D, Scatter plot of FGA and MC distribution in human fibroblasts and leiomyosarcoma cell lines. Data taken from the Broad Institute CCLE
(2019) section of cBioPortal. E, Survival probability of patients havinghigh and low median expression of the “2c general” gene signature (n = 38), asrepresented by
Kaplan-Meier plot. Patients with sarcoma were stratified on the basis of the optimal cut-off point. F, Survival probability of patients having high and low median
expression of the “2c proteotoxic stress” gene signature (n = 18), as represented by Kaplan-Meier plot. Patients with sarcoma were stratified on the basis of the

optimal cut-off point.

rapid accumulation of polyubiquitylated proteins (16, 28) and the
appearance of endoplasmic reticulum stress, as evidenced by elF2a
phosphorylation (Fig. 2C). The proteolytic processing of elF2ot later
on further confirms the activation of caspases in 2c-treated cells (32).
Dose-dependent studies confirmed the induction of proteotoxic stress
by 2¢, as testified by the accumulation of polyubiquitylated proteins
and of NOXA/PMAIPI (Supplementary Fig. S3).

Interestingly, after 2c treatment, the apoptotic protein DIABLO/
SMAC accumulates as a higher molecular weight form. DIABLO/
SMAC is a mitochondrial protein released into the cytoplasm during
apoptosis. When imported into the mitochondria, it is processed by the
inner membrane peptidase complex to generate the mature form (33).
Hence, the accumulation of the DIABLO/SMAC precursor in cells
treated with 2c is indicative of defects in the import machinery,
possibly because of an early induction of the mitochondrial unfolded
protein response (34). In fact, the analysis of the mitochondria
network, using anti-DIABLO/SMAC and anti-ATP synthase (f} sub-
unit) antibodies, evidenced an early and dramatic fragmentation of
mitochondria in response to 2c (Fig. 2D). In vivo time-lapse confocal

4 Mol Cancer Ther; 2021

microscopy confirmed the rapid (within 1 hour) induction of mito-
chondrial fission by 2c (Supplementary videos S1 and S2).

Sub-mitochondrial clusters of DIABLO/SMAC are perturbed by
2¢ treatment

To gain insight into the structural changes of the mitochondrial
network in response to 2c, we used STED superresolution microscopy,
which provides an optical resolution below the diffraction limit (35).
The [ subunit of the ATP synthase, a subunit of the multiprotein
complexlocalized in the mitochondrial inner membrane, including the
cristae, was selected to visualize mitochondria (36). We also analyzed
DIABLO/SMAC localization, which maturation is under 2c influence.
Confocal and STED images are shown for comparison. Both leio-
myosarcoma cell lines are characterized by elongated tubular mito-
chondria. The ATP synthase shows a relative homogeneous distribu-
tion, as described previously (35, 36). STED microscopy unveiled that
DIABLO/SMAC localizes as small clusters, well separated and usually
peripheral with respect to the ATP synthase (Fig. 3). Normalized
fluorescence intensity profiles confirmed this distribution
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Figure 2.

2c triggers proteotoxic stress and cell death in |eiomyosarcoma cells. A, gRT-PCR analysis of the mRNA levels of the indicated genes in SK-UT-1 or SK-LMS-1 cells
treated with 10 pmol/L of 2¢ for the indicated times. B, SK-UT-1 and SK-LMS-1 cells were treated for 24 hours with the indicated concentrations of 2c or with a
combination of TRAIL (2.5 ng/mL) and bortezomib (0.1 pmol/L). The broad caspase inhibitor Boc-D-fmk was used (50 pmol/L). Cell death was calculated as
percentage of cells positive to PI staining. €, SK-UT-1and SK-LMS-1 cells were treated with 2¢ (10 pmol/L) for the indicatedtimes. Cellular lysates were generated and
immunoblots were performed with the indicated antibodies. Actin was used as loading control. D, SK-UT-1and SK-LMS-1 cells were treated or not with 10 pmol/L 2¢
for 4 hours. Immunoflucrescence analysis was performed to visualize mitochondria morphology, using antibodies to visualize DIABLO/SMAC (green) and ATP
synthase-f subunit (red). Confocal images are shown in pseudocolors and were acquired with a Leica SP8 LSM,
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(Supplementary Fig. $4). The peripheral localization of DIABLO/
SMAC with respect to the ATP synthase-p is expected, because of
the different compartmentalization of the two proteins. Overall, the
described patterns of mitochondrial localization are similar in the two
leiomyosarcoma cell lines.
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Figure 3.
STED superresolution microscopy of mitochon-
dria under 2c-induced proteotoxic stress. Dual-
color confocal and STED images of SK-UT-1and
SK-LMS-1 cells decorated with antibodies against
ATP-synthase-B subunit (green)/DIABLO/SMAC
(red) or with CytC (green)/DIABLO/SMAC (red)
Cells were untreated or treated with 5 umol/L of
l.l I.ll o

2¢ for 4 hours. A single optical section is shown.
Magnification was applied to the boxed areas

2c¢ induces a dramatic mitochondrial fragmentation. The 2D STED
analysis in 2c-treated cells evidences that some DIABLO/SMAC
clusters appear very distant from the ATP synthase domains (Fig. 3
arrows). This observation is confirmed by the analysis of the fluores
cence intensity profiles (Supplementary Fig. $4). The origin of these
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distal DIABLO/SMAC clusters is unclear. They could represent the
accumulation of the cytosolic precursor form of DIABLO/SMAC.
To further understand the mitochondrial alterations triggered by
2¢, we performed the STED colocalization analysis of CytC and
DIABLO/SMAC, two proteins released into the cytoplasm from the
intermembrane space during apoptosis. In untreated cells, separat-
ed clusters as well as partially colocalized clusters of CytC and
DIABLO/SMAC can be observed (Fig. 3). In response to 2c, some
partially colocalized clusters of CytC and DIABLO/SMAC persist.
In parallel, DIABLO/SMAC clusters at a certain distance from small
CytC spots appear (Fig. 3 arrowheads in the magnification). A
similar behavior is observed in the two leiomyosarcoma cells.
Normalized fluorescence intensity profiles confirmed these different
distributions (Supplementary Fig. 54). All the results were verified
by reverting the secondary antibodies labeling (Supplementary
Fig. S5 and §6).

In summary, this analysis demonstrates the existence of specific
mitochondrial clusters of DIABLO/SMAC and that 2c triggers a
profound reorganization of the mitochondrial network and of these
clusters,

Optimization of 2c prodrug delivery in leiomyosarcoma cells

2¢ is poorly soluble in aqueous solutions, a limitation for its use
in vivo. Recently, we have developed a prodrug version of 2c (2¢PE),
by using the PEG as a carrier. PEG promotes its solubility and
improves the delivery (Fig. 4A). An ester linkage allows the release
of active 2c¢ from 2cPE, as operated by the secreted esterase
PLA2G7 (28). To test the antitumoral potency of 2cPE in vivo
against leiomyosarcomas, we first evaluated its ability to trigger cell
death in leiomyosarcoma cells. Surprisingly, 2cPE is unable to
trigger cell death in SK-UT-1 and SK-LMS-1 cells. The failure of
2cPE was further confirmed in DMR cells, another leiomyosarcoma
cell line (Fig. 4B).

Peptide sequences cleaved by proteases have been utilized as
bioactive linkers for the targeted delivery of specific drugs (37). The
tumor microenvironment is characterized by increased levels of
proteolytic activities, which promote tumor growth and invasion.
Prodrug maturation, by tumor microenvironment proteases, could
reduce off-target effects of a compound. Hence, we decided to adopt a
new strategy to develop a new prodrug version of 2¢. To increase its
solubility and to specifically generate the active 2c at the tumorssite, the
compound was conjugated to PEG through a peptide linker. We
selected a simple peptide linker constituted by the 3 aa Leu-Gly-Gly
(LGG), asequence that can be cleaved by different proteases secreted in
the tumor microenvironment. Figure 4C illustrates the different
proteases capable of processing the selected sequence and underlines
the different sites. As expected, several cathepsins but also metallo-
proteinases are predicted to cleave the designed sequence. Several of
the LGG proteases, particularly the matrix metalloproteinase
ADAMI0 and ADAMTSS, are highly expressed in leiomyosarcomas
(Fig. 4D). Curiously, leiomyosarcomas heterogeneously express
PLA2G7. It is highly plausible that the group of leiomyosarcomas
characterized by elevated levels of PLA2G7 are those characterized by
immune/inflammatory cells infiltrates (22). In fact, it is well known
that inflammatory cells, including macrophages, express high levels of
PLA2G7 (38). Next, we investigated the expression levels of the
putative LGG proteases in the two leiomyosarcoma cell lines. CTSZ,
CTSB, CTSL, CTSA, CTSD, and MMP2 are the most expressed
proteases in SK-LMS-1 cells. The same group of cathepsins are also
highly expressed in SK-UT-1 cells. In these cells the matrix metallo-
proteinase more abundantly expressed is ADAMI0, which is also
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highly expressed in tumors (Fig. 4E). An important difference between
tumors and cell lines regards the matrix metalloproteinases. In general,
they are more abundantly expressed in tumors. It is possible that this
difference stems from the presence of an activated stroma (39). The
absence of PLA2G7 expression in both cell lines explains the unre-
sponsiveness to 2cPE treatment.

Generation of the protease-activated prodrug 2cPP

The main goal of this study is to test a new therapeutic strategy
against lelomyosarcomas. Having confirmed that leiomyosarcomas
express a repertoire of extracellular proteases capable of processing the
sequence LGG, we decided to insert this sequence between the 2c and
the PEG carrier.

The cleavage of the peptide sequence, connecting 2c to PEG can
expose a negatively charged carboxy-terminus or a positively
charged amino-terminus, depending on the orientation of the
peptide sequence. To evaluate the effect of the negative and of the
positive charges linked to 2¢, we synthetized two variants of 2c: DU-
DC2 with the exposed COO™ and DU-MS1 with a terminal NH;
(Fig. 5A). When the ability to trigger cell death of the two com-
pounds was compared respect to 2c, DU-DC2 resulted slightly less
potent (Fig. 5B). It is possible that the introduced negative charge
interferes with the cellular uptake of the 2c derivative and partic-
ularly with the interaction with the membrane. Although further
studies are necessary to prove this hypothesis, we decided to
introduce the LGG sequence with the orientation that will generate,
after the proteolytic cleavage, the exposition of the NH;" group. The
new prodrug version was synthetized and named 2cPP (2c-protease—
activated PEG-conjugated) and the structure is shown is Fig. 5C.
The new molecule contains a diaminopropane linker that joins 2c to
the LGG sequence and a D-alanine linker for the connection to the
PEG moiety.

When leiomyosarcoma cell lines were treated with 2cPP, they all
underwent cell death (Fig. 5D). The percentage of cell death is
comparable with 2c treatment, with a slightly reduced potency of
2cPP. It is unclear whether this reduced in vitro potency is caused by a
delay in the generation of the active drug, because of the protease-
mediated processing. Similarly to 2¢, 2cPP triggered cell death is
partially dependent on caspase activation (Fig. 5E).

Induction of proteotoxic stress reduces tumor formation
in vivo

To prove the antitumor efficiency of the new prodrug 2cPP in vivo
against leiomyosarcomas, we selected SK-UT-1 cells that are able to
efficiently process the prodrug in culture and show an aggressive
growth in vivo. To exclude general toxicity, we initially evaluated the 2c
and 2cPP against HUtSMCs, which represent the normal counterpart
of SK-UT-1 cells. Cells were treated with the compounds and after
24 hours cell death was scored. 2c induces cell death with much lower
efficiency in HUtSMC cells compared with SK-UT-1 (Fig. 6A). Most
importantly, 2cPP was totally ineffective. Next, we compared the
induction of proteotoxic stress by analyzing elF20. phosphorylation
and NOXA/PMAIP1 upregulation (Fig. 6B). HUtSMC show a lower
level of basal elF2ct phosphorylation compared with SK-UT-1 cells.
Hence, ahigher proteotoxic stress seems to characterize cancer cells,as
confirmed by the increased expression of HSFI in the two leiomyo-
sarcoma cell lines compared with normal cells (Supplementary
Fig. §7). Nevertheless, HUtSMC cells promptly augment eIF2c: phos-
phorylation in response to 2c. In contrast, NOXA/PMAIPL is upre-
gulated only in SK-UT-1 cells. Therefore, normal cells seem to be
protected from the vicious cycle of the proteotoxic stress-induced
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Figure 4.

Generation of a new prodrug version of 2c. A, Molecular structure of 2c and of its prodrug version 2cPE. B, The three leiomyosarcoma cell lines were
treated for 24 hours with the increased concentrations of 2c or 2cPE (1/2.5/5/10 pmol/L). Cell death was calculated as percentage of cells positive to Pl
staining. C, List of the different proteases capable of cleaving the LGG sequence at the indicated sites as downloaded from MEROPS, the peptidase
database (https://www.ebi.ac.uk/merops). Lysosomal proteases are in orange, metalloproteinases in light blue, other proteases in pink. D, Box plot
representing mRNA expression levels (RSEM data) of LGG peptidases identified through MEROPS in patients with leiomyosarcomas (n = 99). Data were
obtained from the whole Sarcoma dataset (TCGA, PanCancer Atlas; n = 255). Lysosomal proteases are in orange, metalloproteinases in light blue, other
proteases in pink and PLA2G7 is identified in gray. E, mRNA expression levels (TPMs) of LGG peptidases identified through MEROPS in SK-UT-1 and
SK-LMS-1 cell lines. Data were obtained from the database of the CCLE. Lysosomal proteases are in orange, metalloproteinases in light blue, other

proteases in pink, and PLA2G7 is identified in gray.

apoptosis. In HUtSMC, 2cPP is unable to trigger elF2a. phosphory-
lation, thus confirming its inactivity. This result suggests that normal
cells are unable to efficiently generate the active drug by proteolytic
processing.

Next, SK-UT-1 xenografts were generated in immunocompro-
mised mice, and when the tumors reached the size of 0.1 cm®, 2cPP
(170 mg/kg) was administered intravenously, three times with 4-day
intervals. This dose, considering the in vitro data, should corre-
spond to approximately 11 mg/kg of the active compound. Alter-
natively, mice were treated with vehicle alone. 2cPP significantly

8 Mol Cancer Ther; 2021

inhibits tumor growth compared with control (Fig. 6C). The
percentage of tumor growth inhibition (TGI) is 97.6% after 2 days
from the first injection and the final TGI is 80.4%, compared with
vehicle-treated animals. As expected from this analysis, tumors
from 2cPP-treated mice weigh much less compared with those from
vehicle-treated mice (Fig. 6D). No gross toxicity was observed and
2cPP does not induce any behavioral change or grossly visible
pathologic changes. In the treated group, two mice show slight
body weight loss (2.5%) and only a mouse evidenced a loss > 5%
during the first week. This animal promptly recover weight during
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Generation of the protease-activated prodrug 2cPP. A, Molecular structure of the new derivates of 2c with negative (DU-DC2) and positive (DU-MS1) charge.
B, SK-UT-1 cells were treated for 24 hours with the increased concentrations of 2c, DU-DC2, or DU-MS1 (1/2.5/5/10 pumol/L). Cell death was calculated as
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staining.
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the second week (Fig. 6E). Because of the strong TGI exhibited by
2¢PP, tumors do not influence body weight of treated mice (com-
pare body weight and net body weight variations). In contrast, in
control mice tumor growth profoundly influences body weight
(Fig. 6F). Next, we validated the potent antitumor activity of 2cPP
in a second xenograft model of leiomyosarcomas using DMR cells.
2cPP was again efficient in blocking tumor growth (Fig. 6H).
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Immunoblot analysis confirmed the upregulation of NOXA/
PMAIP1 and the induction of apoptosis, testified by HDAC4
cleavage, detectable only in tumors from 2cPP-treated mice
(Fig. 6G). As observed above in vitro for SK-UT-1 (Fig. 2), after
24 hours from 2¢PP injection elF2a phosphorylation is exhausted.

In conclusion, augmenting proteotoxic stress in leiomyosarcoma
cells exerts a strong antitumor activity in vivo.

MOLECULAR CANCER THERAPEUTICS

166



PUBLICATIONS

Discussion

In this article, we have proved that raising proteotoxic stress can
trigger cell death in leiomyosarcoma cells and reduce tumor growth
in vivo. We have shown that aggressive leiomyosarcomas have an
intrinsic higher level of protectoxic stress, a condition that could
render these tumors uncapable of managing further increases of
proteotoxic stress.

Induction of proteotoxic stress is emerging as a new therapeutic
option and compounds capable of enhancing proteotoxic stress
are under investigation (8-10, 40-42). The main targets of these
small molecules are the chaperone system and the ubiquitin-
proteasome system (UPS; ref. 10). 2¢ belongs to the family of
diaryldienone derivatives, small molecules able to alkylate various
cellular nucleophiles and cysteines in particular (13, 16, 42). 2cisa
nonselective inhibitor of the UPS because it reacts with the
catalytic cysteines of deubiquitylases (16, 28). Further studies
have shown that 2c¢ can react also with cysteines exposed at the
surface of several proteins (17). Hence, these compounds can elicit
proteotoxic stress directly, through the alteration of protein folding
and indirectly, by blocking the UPS (17, 43, 44). Diaryldienone
derivatives can also affect the transport of misfolded proteins and
aggresome formation, (45) and can reduce glutathione levels (46),
thus inducing oxidative stress (43, 44). Mitochondrial functions are
strongly affected by these compounds (25, 44). From all these
dysfunctions, proteotoxic stress become unmanageable and ulti-
mately cell death occurs.

DIABLO/SMAC is a mitochondrial proapoptotic protein, whose
maturation is influenced by 2c-induced proteotoxic stress. DIABLO/
SMAC is released into the cytosol and promotes caspase activities by
inhibiting the inhibitors of apoptosis (IAP). DIABLO/SMAC matu-
ration, as operated by the mitochondrial rhomboid protease PARLn,
generates the amino-terminal IAP-binding motif (33). Few data are
available on DIABLO/SMAC mitochondrial localization. By using
two-color STED microscopy, we have defined that DIABLO/SMAC
exists in the intermembrane mitochondrial space as demarcated
clusters, partially colocalizing with CytC and distinct from ATP
synthase-. The organization in clusters was observed also for other
mitochondrial proteins (36). In its mature form, DIABLO/SMAC acts
as a tetramer to bind IAPs (47). Its status when sequestered into the
mitochondria is unclear. Our data suggest that specific sub-
mitochondrial domains enriched for DIABLO/SMAC exist. Interest-
ingly, CytC can partially colocalize with DIABLO/SMAC clusters and
CytC can localize also in the cristae (48). Whether these colocalizing
clusters represent mitochondrial cristae deserves further studies.
Importantly, in 2c-treated cells, a dramatic mitochondrial fragmen-
tation occurs and small spots of DIABLO/SMAC appear. Because they
appear very early and much earlier than caspase activation, it is
improbable that these spots represent the mature form of DIABLO/
SMAC released from the mitochondria. Instead, because dysfunctions
in the import of mitochondrial proteins occur early in response to
proteotoxic stress, (34) they could represent the cytosolic DIABLO/
SMAC precursor.

To potentiate the antineoplastic activity of 2c, we have generated
2cPP, a prodrug version that should be activated in the tumor
microenvironment. 2¢PP is inactive in its native state and gain high
potency immediately after proteases release the active 2c. The
designed sequence LGG can be cleaved by different peptidases,
including lysosomal cathepsins and certain me{allapmleases, two
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families of proteases abundantly secreted in the tumor microenvi-
ronment (39, 49). By linking 2c to PEG through a peptide, we have
resolved the poor solubility of the compound, increased the spec-
ificity of action and reduced the general toxicity. As final cleaved
product 2¢, through the diaminopropane linker maintains a Lys.
This additional structure only partially influences the pro-death
activity of 2c in vitro. Different approaches to generate amino acid
or peptide-conjugated drugs have been exploited (37). Interestingly,
pioneering studies d rated that a Leu-doxorubicin prodrug
shows higher antitumor efficiency in vivo when compared with the
parental drug (50).

Overinduction of proteotoxic stress can be deleterious also for
normal cells, In uterine smooth-muscle cells, high doses of 2¢ can
trigger cell death, although at much reduced extent compared with
leiomyosarcoma cells. Importantly, the insertion of the protease
sensitive linker further reduces the toxic effect of 2¢ against normal
cells. Uterine smooth muscle cells are not influenced by 2cPP and mice
treated with 2cPP do not evidence signs of toxicity. The strong
antitumor activity of 2cPP against leiomyosarcoma cells in vive
demonstrates that the induction of proteotoxic stress can be a valid
option to treat these malignant tumors.

Although we have focused the study on leiomyosarcomas, our
discoveries can also be applied to other tumors where proteotoxic
stress is elevated. Moreover, because we have selected a simple aa
sequence for prodrug delivery, it is highly plausible that a set of
proteases capable of activating 2cPP is present in the microenviron-
ment of different tumors.
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