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Necroptosis is an immunogenic caspase-independent cell death program. While mainly
serving to defend against viral infection, dysregulated necroptotic signaling contributes
to the pathology of a growing number of human diseases associated with inflammation,
neurodegeneration, and ischemic injuries. Since its emergence, many key components
of the mammalian necroptotic pathway have been discovered including RIP1/3 kinases
and MLKL, which together, form the core of the necrosome complex. RIP3-dependent
phosphorylation of MLKL promotes the formation of high molecular weight MLKL
polymers that disrupt the integrity of the plasma membrane leading to cell death.
However, the mechanistic details of MLKL polymerization and its precise function in
executing necroptosis remain poorly understood. To gain insight into this process, the
crosslinking property of the specific MLKL inhibitor Necrosulfonamide (NSA) was
exploited as a strategy for identifying novel MLKL interacting proteins.
Immunoprecipitation of NSA crosslinked MLKL complexes followed by mass
spectrometric analysis revealed Thioredoxin-1, an essential cytosolic thiol
oxidoreductase, to be a potential MLKL regulator. Based on its ability to reduce disulfide
bonds on specific protein targets, it was hypothesized that Thioredoxin-1 actively
maintains MLKL in a reduced monomeric state to suppress the occurrence of
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spontaneous necroptosis. Therefore, genetic and pharmacological approaches were
taken to perturb Thioredoxin-1 activity as a means for testing whether it would induce
necroptosis in human cells. The data presented here demonstrates that inhibiting
Thioreoxin-1 activity using the compound PX-12 promoted RIP3-dependent MLKL S358
phosphorylation, polymer formation, and caspase-independent necrotic cell death.
Additionally, PX12-induced cell death was rescued by co-treating cells with NSA
highlighting the involvement of MLKL in this cell death pathway. These results were
corroborated by shRNA-mediated knockdown of Thioreoxin-1 mRNA. Altogether, these
findings point to Thioredoxin-1 as a critical regulator of MLKL activity and necroptosis in
human cells.
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Chapter 1. Introduction

Crosstalk between apoptosis and necroptosis

Cell death plays a vital role in a variety of biological processes including
embryogenesis, tissue homeostasis, wound healing, elimination of self-reactive immune
cells, aging, and therefore is essential for life [1-4]. Apoptosis, for instance, is
responsible for the death of billions of cells in the average human adult each day, and
remains the best characterized cell death program to date [5]. Biochemical studies of
apoptotic extrinsic and intrinsic pathways led to the identification of key signaling
molecules such as death receptors (i.e. TNFR1/2, TRAILR1/2, FasL), Bcl-2 family
members, cytochrome c, Apaf-1, and caspases, which are now used as reliable
biomarkers in countless experimental models [6-10]. However, over the past several
years, researchers have made significant inroads in uncovering alternative cell death
modalities that are relevant to human health, particularly those that are caspase-
independent. One of these forms of cell death is necroptosis. Necroptosis is a regulated
form of necrosis that is involved in antiviral defense, but also contributes to a broad
array of human pathological conditions [11, 12]. The emergence of necroptosis has
prompted intense research efforts towards delineating molecular mechanism(s) that
regulate mammalian necroptotic signaling pathways and understanding its role in
disease. Thus, the thesis work presented here is aimed at providing insights into novel
regulators of necroptosis and building a stronger foundation for future investigations into

this cell death program.
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The term “necroptosis” was coined to describe a type of cell death that shares
characteristics of both necrosis and apoptosis [13]. Necroptosis morphologically
resembles necrosis, whereby cells become swollen and lose the integrity of their
plasma membranes [14]. This is in stark contrast to apoptosis in which cells condense,
their DNA becomes fragmented, and the plasma membrane exhibits blebbing while
maintaining its integrity [15]. Until recently, all forms of necrotic cell death were
considered to be unregulated or passive, meaning they did not require energy or cell
signaling, and were mainly caused by mechanical or physiochemical insults. However,
seminal studies revealed that certain mammalian cells, such as murine L929
fibrosarcoma cells, undergo a necrotic-like death in response to TNFa, the same
cytokine that triggers apoptosis [16]. Importantly, chemical inhibition of caspases (e.g. z-
VAD-fmk) and in turn apoptosis, did not affect the outcome; in fact, cells became 1,000
times more sensitive to TNFa indicating that necrotic cell death is exacerbated under
conditions when caspase activity is blocked [16]. This led to the realization that
regulated forms of necrosis existed, and were driven by genetically hardwired programs
in the cell. Furthermore, since apoptotic stimuli antagonized necrotic cell death, it was
conceived that apoptosis and necroptosis shared significant crosstalk between their
signaling pathways, hence “optosis” was placed in the ladder part of the term

“necroptosis” [17].

Given the differences in morphology, cell death modes are also classified according to

their immunogenicity. Apoptosis is considered non-immunogenic because apoptotic
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cells neatly package their cellular contents into smaller apoptotic bodies that are quickly
engulfed by phagocytes, and therefore does not elicit an immune response [18]. In
contrast, necroptotic cells lose the integrity of their plasma membrane resulting in the
release of damage-associated molecular patterns (DAMPS) into the surrounding
environment [19]. These molecules serve as “alarmins” to signal cells of the innate
immune system to the site of cell death. Ultimately, this causes an inflammatory
response that can either be beneficial or detrimental depending on the context by which

necroptosis was induced.

The role of necroptosis in antiviral defense

Until recently, the physiological role of necroptosis was unclear. Perplexingly,
necroptosis was shown to be dispensable for embryogenesis and postnatal
development, suggesting that necroptosis is silent under normal conditions [20, 21].
This sparked the hypothesis that necroptosis serves as an alternative “back-up”
mechanism to apoptosis, that is only activated by a specific subset of death stimuli [22].
Since then, accumulating evidence has pointed to necroptosis as being a highly critical
cell death mechanism for clearing organisms of viral infections [23]. Early experiments
in murine cells revealed that necroptosis is stimulated by certain viruses. For example,
cytokine response modifier A (CrmA), a serpin-like caspase inhibitor derived from
Cowpox virus, sensitized murine L929 cells to TNFa in vitro [16]. This discovery

corroborated similar findings using chemical caspase inhibitors [16]. More recently,
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Influenza A virus (IAV) and Herpes Simplex Virus types 1 and 2 (HSV-1/2) have been

added to the growing list of necroptosis-stimulating viruses [24, 25].

Interestingly, all three of these viruses trigger necroptosis in different ways. Cowpox
virus and related Vaccinia virus, encoding caspase-inhibiting molecules CrmA and
B13R, respectively, steer cell death signals toward pathways that favor necroptosis [26].
For 1AV, elements found within specific viral RNA molecules activate a main component
of the mammalian necroptotic pathway known as Z-DNA binding protein 1 (ZBP1) [25].
Genetic ablation of ZBP1 blocks cells from undergoing viral-induced necroptosis in
murine and human cell lines, and causes mice to succumb to viral infection which die
shortly after inoculation [25]. In general, genetically ablating core necroptotic machinery
disables animals from fighting viral infection as viruses continue to propagate unfettered
until overwhelming their systems [24, 25]. HSV-1/2 controls necroptotic outcomes by
binding to receptor-interacting protein kinase 1 (RIP1), a serine/threonine kinase that
serves as a major hub for various signaling pathways including NFkB signaling,
apoptosis, and necroptosis [27, 28]. Altogether, researchers hypothesize that animals
evolved necroptosis in response to selection pressures exerted by viral infections,
although it remains unclear as to why some mammals express necroptotic signaling

components while others do not [29].

TNFa-induced necroptotic signaling pathway

Most of our understanding of the necroptotic molecular machinery has come about
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through studies of the TNFa/TNFR1 signaling pathway, although other death receptors
and Toll-like receptors 3 and 4 (TLR3/4) are also involved in the necroptotic signaling
[22]. In practice, in vitro induction of necroptosis is regularly performed by treating
mammalian cells grown in culture with a cocktail comprised of TNFa, a Smac mimetic
which facilitates the degradation of cellular inhibitors of apoptosis (clAPs), and pan-
caspase inhibitor, z-VAD-fmk [30]. Ligation of TNFa to TNFR1 promotes the recruitment
of a multiprotein complex to the intracellular portion of the receptor near the cell surface.
This complex, known as Complex |, contains adaptor proteins tumor necrosis factor
receptor type 1-associated death domain protein (TRADD) and FAS-associated death
domain protein (FADD), clAP1/2, TNF receptor-associated factor 2 and 5 (TRAF2/5),
and RIP1, amongst others [31]. Depending on the cell type and amount of stimuli-
receptor activation, Complex | can signal for cell survival through the canonical NFkB
signaling pathway [31]. Notably, Complex | is stabilized by a number of mitigating
factors including RIP1-K63 polyubiquitination [32]. De-ubiquitination of RIP1 by ubiquitin
carboxyl-terminal hydrolase (CYLD) destabilizes the complex, and releases RIP1 into
the cytoplasm where it interacts with FADD and Caspase-8 [31, 33]. This cytosolic
complex is known as Complex lla. Once formed, Complex lla activates initiator
Caspase-8 which in turn commences to activate downstream effector caspases,
Caspase-3/7, triggering apoptosis [34]. Caspase-8 has also been reported to cleave

RIP1 and RIP3 to ensure that apoptosis, but not necroptosis, is activated [35].

A critical step in switching TNFa-induced apoptosis to necroptosis depends on inhibiting
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caspase activity or bypassing it. Caspase inhibition, which can be achieved either
chemically or through virally derived factors, drives RIP1 to interact with a closely
related protein kinase, RIP3, marking the formation of the necroptotic death-inducing
signaling complex (DISC), Complex llb [22]. Alternatively, RIP1-RIP3 binding can occur
as a result of increased RIP1/3 gene expression, which bypasses the threshold of basal
Caspase-8 activity [36, 37]. The interaction between RIP1 and RIP3 binding is mediated
by their receptor homotypic interaction motifs (RHIM), a short stretch of about 25 amino
acid residues that is conserved back to fungi [38]. RHIM-domain mediated protein
interactions are proven to be essential for necroptotic signal transduction. For example,
viral sensing by ZBP1 requires its RHIM-domain, as does Toll-like receptor adaptor
protein, TIR domain-containing adapter-inducing interferon- (TRIF) [39, 40].
Additionally, HSV-1/2 encoded proteins, ribonucleotide reductase subunits ICP6 and
ICP10, also contain RHIM-domains that regulate RIP1-RIP3 binding in infected cells
[41]. Genetic deletion of either viral or host derived RHIM-domain containing proteins

influences necroptotic outcomes depending of the species in question [42].

MLKL activation and its function in executing necroptosis

After a series of phosphorylation events between RIP1 and RIP3, particularly RIP3
Ser227 which is required for necroptosis, mixed lineage kinase domain-like protein
(MLKL) is recruited to Complex llb, forming the “necrosome” complex [43, 44]. Notably,
MLKL is responsible for permeabilizing the plasma membrane, and potentially other

cellular membranes [45]. MLKL is a pseudokinase with two important protein domains:
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A N-terminal 4-helix bundle domain (4HBD) and the C-terminal kinase-like regulatory
domain that is catalytically inactive [46, 47]. Under normal conditions, the C-terminal
regulatory domain inhibits the 4HBD, which is the functional region of the protein
responsible for executing cell death [48]. RIP3-dependent MLKL Thr357/Ser358
phosphorylation within its kinase-like domain activates the human protein, and induces
a conformational shift that releases the 4HBD from the inhibitory effects of its C-terminal
domain [49]. Release of the 4HBD from the C-terminal domain allows the 4HBD to
associate with cellular membranes [50]. In murine cells, MLKL associates primarily with
the plasma membrane while the human protein is found on the surface of mitochondria,
lysosomes, and endoplasmic reticulum, suggesting that different cellular compartments
may be involved in propagating necroptotic signals [51, 52]. It also suggests that
necroptotic pathways may differ between species. Yet, it remains unclear whether these
organelles are lysed by MLKL in response to necroptotic stimuli. Studies in C. elegans
demonstrated that lysosome membrane integrity was lost in response to a variety of
known necrotic stimuli [53-55]. Furthermore, hydrolytic lysosomal enzymes, such as the
cathepsin family of proteases, were reported to be involved in necrotic cell death
programs [55]. Investigations into the role of lysosomal membrane leakage in

necroptosis are ongoing.

In vitro binding assays indicated that the 4HBD of MLKL interacts with a defined
subset of phosphatidylinositol phospholipids (PIPs), which are found on various vesicles

and organelles [52, 56]. It was also found that MLKL binds to cardiolipin, a
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mitochondrial-specific lipid [52, 56]. Once associated with membranes, MLKL
polymerizes into high molecular weight structures [52, 57]. MLKL activation is often
determined by 1) detection of phosphorylated MLKL or 2) detection of MLKL polymers
by a variety of protein resolving technigues. MLKL polymerization is thought to occur in
two steps. First, MLKL forms into tetramers that feed into the second part of building
larger polymers, although the mechanistic details of this process remain largely unclear
[48, 58]. An even less understood process is the mechanism by which MLKL polymers
execute necroptosis. In the prevailing model of MLKL-mediated membrane disruption,
MLKL pierces through membranes and forms a pore that acts as a channel for various
cations including sodium, calcium, magnesium, and potassium. Influx of extracellular
ions causes cells to swell until they eventually burst, consequently producing the
necrotic phenotype seen by electron microscopy [35, 59]. Conversely, potassium efflux
has also been proposed to be involved in executing necroptosis; however, there is
currently no consensus on the universal role of ion exchange during necroptosis, and
therefore remains an active area of research [60]. The work presented in this thesis
aims to understand the mechanism(s) that control MLKL polymerization, and the effects

of MLKL polymers on membrane rupture, particularly lysosomal membranes.

Necroptosis in human disease
In terms of human health, membrane rupture caused by necroptosis is both beneficial
and deleterious depending on the context of cell death induction. For fighting viral

infections, membrane rupture leads to an inflammatory response that directs immune
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cells to the site of infection thereby boosting an organism’s ability to stop the spread of
pathogens to healthy cells [61]. However, dysregulated necroptosis can lead to an
excessive amount of undesired inflammation that can cause irreversible damage to
surrounding healthy tissue. Since its emergence as a primary form of cell death,
necroptosis has been implicated in a growing number of human pathological conditions
associated with neurodegeneration, inflammatory diseases, and ischemic/reperfusion
injuries [37, 62-64]. Dysregulated necroptosis is in part due to elevated levels of RIP1,
RIP3, or MLKL proteins which have been detected in histological analysis of primary
patient samples [37, 65, 66], leading researchers to hypothesize that changes in gene
expression are the underlying cause of uncontrolled necroptosis though the causes of
such changes have yet to be determined. To control the progression of necroptosis-
associated diseases, efforts are currently underway to identify compounds that

specifically inhibit necroptosis in vivo.

Regulation of MLKL polymerization by Thioredoxin-1

Insights into MLKL polymerization emerged when it was discovered that intramolecular
disulfide bonds stabilized MLKL polymers [52, 58]. This was demonstrated by
incubating necroptotic cell extracts containing MLKL polymers with reducing agents
such as dithiothreitol (DTT) or beta-mercaptoethanol (BME), and analyzing their effects
on polymer stability. The addition of reducing agents dissociated MLKL polymers,
including tetramers, back to their monomeric state, suggesting that MLKL requires an

oxidizing environment to execute necroptosis [52]. However, it is not known how MLKL
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forms disulfide bonds given its localization within the cytoplasm, which contains two
major redox-balancing systems. One is the glutathione system. Glutathione is a
tripeptide (i.e. glutamate-cysteine-glycine) that serves as a highly important antioxidizing
agent that reduces thiol groups on cysteine residues of protein targets [67]. The other is
the cytosolic thioredoxin system [68]. A separate thioredoxin systems is found within
mitochondria; however, for the purpose of this work, the emphasis will be on the
cytosolic thioredoxin system, and its regulatory effects on MLKL disulfide bonds

formation during polymerization [69].

The cytosolic thioredoxin system is comprised of thioredoxin-1 (Trx1), thioredoxin
reductase-1 (TrxR1), and NADPH [68]. Trx1 is a highly conserved 12kDa thiol
oxidoreductase involved in cellular redox balance. Genetic knockout of Trx1 or TrxR1 is
embryonic lethal in mice [70]. Trx1 regulates redox balance and signaling pathways
through the reduction of disulfide bonds on specific protein substrates. It does so by
using two critical reactive cysteine residues located within its active site, Cys32 and
Cys35 [68]. When reduced, these cysteine residues engage in dithiol exchange
reactions whereby electrons from Cys32 and Cys35 are transferred to oxidized cysteine
residues on the respective protein substrate, thus reducing them. In the process, Trx1’s
active site becomes oxidized, and can no longer reduce disulfide bonds. In order to
regenerate Trx1’s oxidoreductase activity, TrxR1 transfers electrons from NADPH onto

Cys32 and Cys35, thus replenishing the thioredoxin system [68].
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The major goal of my project was to understand the regulation of MLKL polymerization
during necroptosis. We initially identified Trx1 as a potential regulator of necroptosis
through the use of Necrosulfonamide (NSA), a compound that is often used to inhibit
necroptosis in human cells grown in culture [71]. By covalently binding to Cys86 of
MLKL, NSA blocks proper MLKL polymerization [71]. In addition to its ability to inhibit
necroptosis, we demonstrate that NSA crosslinks Cys32 of Trx1 to Cys86 of MLKL. This
suggested that MLKL and Trx1 may exist as a complex in nature, and therefore
hypothesized that Trx1 regulates MLKL polymerization. Further analysis revealed that
genetic perturbations to Trx1 via shRNA knockdown resulted in a propensity of MLKL
tetramer and polymer formation, and increased sensitivity to necroptosis. Moreover, the
Trx1 chemical inhibitor, PX-12, induced necroptosis in a MLKL-dependent manner [72].

Further details of these findings are presented in the following chapter.

Investigations into the necroptotic process have opened up new and exciting areas of
research in the field of cell death. With the advent of specific necroptotic biomarkers,
antibodies, and chemical inhibitors, researchers are now able to dissect various cell
death forms that contribute to disease in a much more intricate way. The long-term goal
is to further delineate mammalian necroptotic pathways in hopes of developing
therapies to treat necroptosis-associated pathological conditions. Here, we are the first
group to identify Trx1l as a direct regulator of MLKL function and suppressor of
necroptosis, which may for instance, provide insights into the occurrence of necroptosis

due to ischemia/reperfusion. Re-oxygenation of tissues results in calcium overload and
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generation of ROS, which may be perturbing Trx1 activity [73]. Additionally, PX-12-
induced necroptosis has implications in cancer biology. PX-12 proved to lack efficacy in
a number of Phase Il clinical trials; however, the data presented here suggest perhaps
PX-12 treatment in tumors exhibiting elevated levels of RIP3 or MLKL may vyield better
results [74, 75]. In the same scenario, PX-12 efficacy may be improved if utilized in

combination with other established cancer therapies.

Overall, my thesis work provides new knowledge in the regulation of MLKL activity that
serves as a strong foundation for the investigation of Trxl as a suppressor of
necroptosis in in vivo models. The work presented in the following chapters will focus
first on the regulation of MLKL polymerization by Trx1, and then the potential effect of
these MLKL polymers on lysosomal membrane rupture. A model of our findings in

depicted below (Figure 1.1).
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NSA

B Necroptotic Stimuli

J
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| Trx1 shRNA
PX-12

Cell Death

Figure 1.1 Working model Trx1-mediated suppression of necroptotic pathway

(A) NSA crosslinks Trx1 Cys32 to Cys86 of human MLKL. (B) Necroptotic stimuli (i.e.
TSZ) and Trx1 inhibition promotes necrosome formation which is comprised of
RIP1/RIP3/MLKL. RIP3-dependent phosphorylation of MLKL releases MLKL from the
necrosome and forms high molecular weight polymers that localize to the plasma
membrane. MLKL polymers actively disrupt the integrity of the plasma membrane
leading to cell death and the release of DAMPSs.
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Chapter 2. Thioredoxin-1 negatively regulates necroptosis by maintaining MLKL

in areduced state

Introduction

A considerable amount of our understanding of the necroptotic machinery has emerged
through studies of the TNFa signaling pathway. These works led to the discovery of
MLKL and serine/threonine kinases RIP1 and RIP3 as critical mediators of necroptosis
[1-7]. Together, these proteins form the core of the necrosome complex which is central
for transducing necroptotic signals. One of the most common methods for inducing
necroptosis in cultured cells is by treating them with a cocktail comprised of TNFa (T), a
SMAC mimetic (S), which degrades cellular inhibitors of apoptosis (CIAPs), and the pan-
caspase inhibitor z-VAD-fmk (Z) [8-11]. This cocktail is commonly abbreviated as T/S/Z.
The combination of a SMAC mimetic, which functions as the pro-apoptotic mitochondrial
protein Smac/DIABLO, in combination with z-VAD-fmk re-directs TNFa signaling
towards a pathway that triggers necroptosis. Thus, T/S/Z treatment bypasses NFkB
signaling and apoptosis, and instead, drives necrosome complex formation followed by
RIP3-dependent phosphorylation of MLKL Thr357 and Ser358 located within the C-
terminal kinase-like domain of the human protein [11-13]. Active MLKL molecules
translocate from the cytoplasm to various cellular compartments throughout the cell
where they interact with a specific subset of phosphatidylinositol phospholipids and
cardiolipin according to in vitro binding data [11, 14-16]. MLKL goes on to form
membrane-piercing polymers that disrupt the integrity of cellular membranes, albeit
through a process that is not fully understood. To shed light on this process, our efforts

31



were focused on understanding the molecular mechanism(s) that control MLKL

polymerization.

Previous studies indicate that MLKL polymers are stabilized by intramolecular disulfide
bonds suggesting MLKL requires an oxidative environment in order to polymerize [11,
17-19]. Mutations to critical MLKL cysteine residues disable proper polymer formation
thereby compromising its ability to execute necroptosis [19]. Together, these results
suggest that MLKL activity is regulated by its redox state. Interestingly, mitochondrial
dysfunction and elevated ROS production have been reported in mammalian cells
undergoing necroptosis [20, 21]. Furthermore, mitochondrial networks undergo fission
and appear fragmented in response to necrotic stimuli such as TSZ, t-butyl hydroxide
(TBH), and calcium overload [22]. This is thought to be caused in part by the action of
the mitochondrial proteins serine/threonine protein phosphatase 5 (PGAM5) and
Dynamin-related protein 1 (Drpl), which where were shown to interact with RIP3 in a
signal-dependent manner [22]. Notably, TNFa-induced necroptosis was prevented by
co-treating cells with ROS scavenging molecules butylated hydroxyanisole (BHA) and
N-acetylcysteine (NAC) in murine cells [21]. More recently, mitochondrial ROS was
implicated in promoting RIP1 autophosphorylation, which proved to be essential for
RIP3 recruitment to the necrosome complex [20]. Thus, oxidation appears to play an
important role in the necroptotic pathway. However, despite these findings, the
molecular mechanism(s) that drive such oxidative events in relation to MLKL activation

remains a topic of much debate.
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Herein, evidence is provided to show that Thioredoxin-1 (Trx1), a 12kDa thiol
oxidoreductase, suppresses necroptosis by blocking MLKL activation. Trx1 functions as
an essential antioxidizing enzyme that regulates cellular redox balance. Trx1 protects
cells from oxidative stress by engaging in thiol disulfide exchange reactions that results
in the reduction of disulfide bonds on specific protein targets thereby modulating their
activities [23, 24]. Its ability to reduce disulfide bonds is attributed to two reactive
cysteine residues, Cys32 and Cys35, located within its active site. Proteins regulated by
Trx1 include cell surface receptors, kinases, transcription factors, and other signaling
molecules involved in a multitude of biological processes such as cell death [25-27]. In
this study, we found that NSA, a small molecule inhibitor of MLKL [12], crosslinks one of
two Trx1 active site cysteine residues, Cys32, to MLKL. Therefore, we tested whether
genetic and pharmacological perturbations to Trx1 activity affected MLKL activation and
ultimately necroptosis in HeLa cells expressing RIP3 and MLKL transgenes. As a result,
we found that shRNA-mediated knockdown of Trx1 enhanced MLKL tetramer formation
and subsequent assembly of larger polymers. Moreover, Trx1l knockdown cells
exhibited increased sensitivity to necroptosis upon Doxycycline (Dox)-induced RIP3 and
MLKL protein expression. These results were corroborated by using a commercially
available Trx1 inhibitor, PX-12. PX-12, which disables the recycling of Trx1 active site
cysteine residues by TrxR1 [24], promoted RIP1/RIP3/MLKL necrosome formation,
RIP3-dependent MLKL S358 phosphorylation, MLKL polymerization, and ultimately
caspase-independent cell death. Overall, these findings are the first to point to Trx1 as a

suppressor of necroptosis that functions at the step of MLKL polymerization.
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Results

NSA crosslinks Cys32 of Trx1 to Cys86 of human MLKL

NSA is a synthetic compound that is commonly used in in vitro studies to inhibit
necroptosis in human cells. NSA contains two potential Michael acceptor moieties which
covalently modify reactive cysteine residues within target proteins (Figure 2.1A) [12].
Chemical changes to either Michael acceptor renders NSA non-functional [12]. By
irreversibly binding Cys86 of human MLKL protein, NSA prevents necroptosis without
affecting RIP1/RIP3/MLKL necrosome complex formation or RIP3-dependent MLKL
phosphorylation [12]. Initial observations demonstrated that NSA crosslinked MLKL to
an endogenous protein in NTD-DmrB Hela cells, which stably express a truncated
MLKL transgene containing the N-terminal domain (NTD), also known as the 4HBD,
fused to an interaction-inducible DmrB domain (Figure 1.1B). The NTD-DmrB transgene
is under the control of a Dox-inducible promoter as illustrated in Figure 2.1B. Western
blot analysis revealed that NSA, but not a NSA derivative (NSA-D1) produced a
prominent extra protein band that migrated near 55kDa (Figure 1.1B), which is about
12-15kDa larger than NTD-DmrB itself. This indicated that NSA requires two cysteine-
reactive Michael acceptor moieties for successful crosslinking to occur. As expected,
NSA crosslinking occurred at Cys86 of MLKL which is a known targeting site for NSA

(Figure 2.1C) [12].

Next, we set out to determine the identity of the protein crosslinked to NTD-DmrB by

NSA. MLKL-NSA-protein complexes were isolated from whole cell extracts by FLAG-tag
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affinity purification, and subjected to SDS-PAGE for silver staining (Figure 2.1D). The
55kDa gel band of interest was excised and subjected to LC/MS analysis to determine
its protein composition. The list of candidate proteins was narrowed down to those with
a molecular weight between 12-15kDa. One of the proteins that fit this criterion was
Trx1, which is a small cytosolic oxidoreductase that catalyzes the reduction of disulfide
bonds on specific protein substrates [24]. To verify that NSA crosslinks Trx1 was
crosslinked to MLKL, we ectopically expressed either wild-type or a C86S mutant HA-
FLAG-MLKL full-length protein in HEK293T cells, and treated these cells with NSA for
16 hours. Anti-Trx1 Western blotting of the FLAG-tag immunopurified product confirmed
that Trx1 was crosslinked by NSA to wild-type MLKL, but not the C86S mutant (Figure
2.1E, lane 2 versus lane 4). MLKL-NSA-Trx1 crosslinking was also confirmed by
performing the same analysis using ectopically expressed HA-tagged Trx1 in GFP-
RIP3: MLKL-HA-FLAG HelLa cells. GFP-RIP3 and MLKL-HA-FLAG transgenes are
stably integrated into the HeLa genome, and are under the control of a Dox-inducible
promoter as illustrated in Figure 2.1F. In cells expressing HA-Trx1, NSA crosslinked
MLKL to both endogenous Trx1 and HA-Trx1, producing two crosslinked products that

differ slightly in size due to the HA-tag on Trx1 (Figure 2.1F, lane 4).

To determine which Trx1 cysteine reacts with NSA, Trx1 active site cysteines Cys32
and Cys35 were substituted for serine residues individually or in combination, and
tested whether NSA was still capable of crosslinking Trx1 to MLKL. Western blot

analysis of immunopurified NSA-crosslinked MLKL complexes revealed that Cys32S,
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but not Cys35S, was required for successful crosslinking. Altogether, these results
suggest that MLKL and Trx1 form a complex under normal conditions, and that the
catalytic region of Trx1 either mediates or stabilizes the interaction with MLKL (Figure

2.1G).

Trx1 has a higher binding affinity to inactive MLKL

Given that NSA crosslinks Trx1 to MLKL, we tested whether Trx1 directly binds MLKL in
cells. However, attempts to verify their interaction by standard MLKL or Trx1
immunoprecipitation assays were not successful. To overcome this challenge, we first
immobilized recombinant HA-Trx1-6xHis purified from BL21 bacteria cells to nickel-
agarose beads, and incubated them with cell extracts prepared from GFP-RIPKS:
MLKL-HA-FLAG cells. Nickel beads containing wild-type Trx1 were able to pulldown
MLKL (Figure 2.2A, lane 2), which was not the case with beads containing Trx1 C32S-
C35S (CS2) double mutant (Figure 2.2A, lane 3). In a similar experiment, immobilized
Trx1 nickel beads were incubated with either control or T/S/Z-induced necroptotic cell
extracts prepared from HT-29 human colorectal adenocarcinoma cells (Figure 2.2B).
This experiment was conducted to gain insights into binding affinities between Trx1 and
active MLKL species. Both wild-type Trx1 and the C35S mutant bound MLKL (Figure
2.2C, lane 3 and lane 5), but not the CS2 double mutant. Interestingly, Trx1 bound more
MLKL in control extracts than those prepared from T/S/Z treated cells, suggesting that
Trx1 preferentially associates with monomeric MLKL molecules under normal condition

(Figure 2.2C, lane 7). This fits our model (Figure 1.1B) in which Trx1 is released from

36



s i ‘“‘“’“"“Arrs:a;.;;.;’.;aa% ------------- §
gl S~ == |
rat¥ M@C 6. 3 E!'gi |I & = |
5 NSA-D1 i S .o vp,\
E /? i E Q® Q‘-’ Q‘b NSA
| )/ o. !
: \ w ! ‘ =
E-:::T'::::::_“:_"::_":::::::::::."::::::E (I})[{))a.)_ - ; 4 M LKL'N SA 'X
! NTD kinase-like | :
W@
| L - IB: FLAG
E NTD DmrB : an |
. NTD-DmrB: (D) 5 |l . <MLKL
1 2 3
NSA: =+
NTD-DMrB-FLAG: % &% = = (kDa)
180 —
NTD-C86S-DmrB-FLAG: = = =+ =+
NSA: = + = =+ NI‘ 95 — o
(kDa) 72 — Silver stain
55 — — ¢ ILKL-NSA-X

55 —| #ws |4 MLKL-NSA-X

IB: FLAG
43 — b |« MLKL

BT il a < vLKL

24| SESeEEESa | 5: LDH
1.2 3 4 NTD-DmrB-FLAG

26 —'%

37



E HEK293T F ---------------------------------------- :

HA-FLAG-MLKL: == == . =
i‘ e A
; +

HA-FLAG-MLKL-C86S: = = =+ =
NSA: = =+ = =+

(kDa) HA-Trx1: = = +=
72— - € MLKL-NSA-Trx1 NSA: = *+ = +
(kDa) <« MLKL-NSA-HA-Trx1
IB: Trx1 72 — e & < VLKL-NSA-Tr1
FLAG-IP | 55— IB: Trx1
FLAG-IP

“ IB: FLAG (MLKL)
_ [ - i 05—
55

o eS| IB: FLAG (MLKL)
55_..-.| IB:FLAG (MLKL) 8 —
Input -
Input | | e e e 15 LDH 17 S (<HA-Trx1
34 IB: Trx1
17—1—“.|IB: Trx1 P | endogenous Trx1

G o &
oV 9 ¥
&S

N N N’
«d. \0* «d' «(" «d' «d’

Q‘v‘ *\zo Qv‘ Q‘v‘ \?‘v‘ \Z‘v‘ NSA
NSA: = + + 4+ + <+

(kDa) d MLKL-NSA-HA-Trx1
79 o IR e BB L VCKL-NSA-Tr!
IB: Trx1

FLAG-IP —

34— ———— IB: LDH

Input 17—l- D = e @ | < HA-Trx1
IB: Trx1

Mq endogenous Trx1

i1 2 3 4 B 8

Figure 2.1 NSA crosslinks Cys32 of Trx1 to Cys86 of human MLKL

(A) Upper panel, chemical structures of NSA and a NSA variant, NSA-D1 (red asterisks
denote Michael acceptor moieties needed for cysteine conjugation). Lower panel,
domain structures of MLKL and NTD-DmrB. NTD, N-terminal domain; DmrB,
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dimerization domain. (B) HelLa cells stably expressing Dox inducible NTD-DmrB-FLAG
were treated with 5uM NSA or NSA-D1 for 16 hours followed by anti-FLAG Western
blotting of whole cell extracts. Arrowhead at about 55kDa points to NSA crosslinked
MLKL product. Upper panel depicts Dox-inducible NTD-DmrB expression. In this HelLa
cell line, Tet repressor (TetR) is constitutively expressed. Endogenous MLKL is
inactivated with CRISPR-Cas9 and NTD-DmrB-FLAG protein was stably expressed
under Dox-inducible promoter TetO2. Dox, doxycycline. (C) NTD-DmrB-FLAG or NTD-
C86S-DmrB-FLAG proteins were ectopically expressed in HEK293T cells and treated
with NSA, then followed by anti-FLAG Western blotting. (D) MLKL complexes were
isolated from NTD-DmrB-FLAG cells by FLAG-tag affinity purification (FLAG-IP) and
subjected to SDS-PAGE and silver staining. The 55kDa band was excised and sent for
mass spec analysis and Trx1 peptides were identified. (E) Full length MLKL or MLKL-
C86S mutant proteins were ectopically expressed in HEK293T cells and treated with
NSA. MLKL complexes were purified by FLAG-IP and analyzed by Western blotting.
Arrowhead at 72kDa points to NSA crosslinked full length MLKL and endogenous Trx1.
(F) HA-tagged Trx1 was ectopically expressed in GFP-RIPK3: MLKL-HA-FLAG cells. In
this HelLa cell line, Tet repressor (TetR) is constitutively expressed. Endogenous MLKL
is inactivated with CRISPR-Cas9 and GFP-RIPK3 and MLKL-HA-FLAG proteins were
stably expressed under Dox-inducible promoter. Cells were treated with NSA for 16
hours prior to performing FLAG-IP. Isolated MLKL complexes were analyzed by
Western blotting. (G) A panel of HA-tagged mutant Trx1 proteins were ectopically
expressed in GFP-RIPK3: MLKL-HA-FLAG cells followed by NSA treatment. FLAG-IP
products were analyzed by Western blotting.

MLKL under necroptotic conditions thereby allowing MLKL to polymerize through the

formation of intramolecular disulfide bonds.

Trx1 inhibits MLKL polymerization in vitro

Trx1l reduces disulfide bonds on specific target proteins, thereby maintaining the
reducing environment of the cytoplasm, preventing undesired protein aggregation, and
regulating redox signaling pathways [27-30]. As previously stated, MLKL tetramers are
stabilized by intermolecular disulfide bonds as are larger MLKL polymers [12, 18, 19].
As shown in Figure 2.3A, T/S/Z treatment induced MLKL phosphorylation in GFP-
RIPK3: MLKL-HA-FLAG cells. Phosphorylated MLKL was mainly found in tetramers
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revealed by non-reducing SDS-PAGE (Figure 2.3B, lane 2). It was determined that
MLKL tetramers were stabilized by disulfide bonds since incubation with 5mM BME
reduced tetramers back to their monomeric state (Figure 2.3B, lane 4). Similar analysis
was performed on larger MLKL polymers by semi-denaturing detergent agarose gel
electrophoresis (SDD-AGE). T/S/Z treatment resulted in MLKL polymer formation
(Figure 2.3C, lane 2), which were dissociated after incubation with 5mM DTT (Figure
2.3C, lane 4). Altogether, these results confirm that active MLKL tetramers and

polymers are stabilized by disulfide bonds.

To address the mechanism by which Trx1 regulates MLKL function, we developed a
cell-free system to assess the effects of Trx1 on MLKL polymerization. Recombinant
GST-NTD-FLAG protein was purified from BL21 bacteria cells. Overnight incubation of
GST-NTD-FLAG at 37°C resulted in MLKL polymer formation (Figure 2.3D, lane 2).
Importantly, GST-NTD incubated at 4°C did not polymerize suggest that the process is
temperature sensitive (Figure 2.3D, lane 1). Moreover, polymers that were incubated
with DTT also failed to polymerize (Figure 2.3D, lane 3), confirming the importance of
disulfide bond formation for in vitro polymerization. To test the effect of Trx1 in this
system, 5uM GST-NTD-FLAG protein was incubated with increasing amounts of Trx1
(3uM, 10uM, and 30uM) overnight at 37°C. Wild-type Trx1 inhibited MLKL tetramer

formation (Figure 2.3E, lanes 2-4) while the CS2 mutant did not (Figure 2.3E, lane 5-7).
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Figure 2.2 Trx1 has a higher binding affinity to inactive MLKL

(A) Purified HA-Trx1-6XHis was immobilized to nickel-agarose beads and incubated
with whole cell extracts from GFP-RIPK3: MLKL-HA-FLAG cells. MLKL binding was
analyzed by anti-FLAG Western blotting. (B) Western blot analysis of DMSO or T/S/Z
treated whole cell extracts from HT-29 cells. TNFa (T), Smac-mimetic (S), z-VAD-fmk
(2). (C) Trx1 mutant proteins were immobilized to nickel beads, and then incubated with
DMSO or T/S/Z treated HT-29 whole cell extracts. MLKL binding was analyzed by anti-
MLKL Western blotting. In CS2 mutant, both Cys32 and Cys35 are mutated to serine
residues.
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Similar results were obtained when analyzing larger MLKL polymers (Figure 2.3F, upper
panel), indicating that Trx1’s oxidoreductase activity is required for maintaining MLKL in
a monomeric state. Protein amounts of recombinant GST-NTD-FLAG and HA-Trx1-
6xHis used in these experiments were visualized by Coomassie Blue staining (Figure
2.3F, lower panel). These results confirm that MLKL is a substrate of Trx1 which can be

reduced by Trx1 in vitro.

shRNA-mediated Trx1 knockdown promotes MLKL polymerization and sensitizes
cells to necroptosis

Trx1 is an essential gene, and thus cannot be successfully knocked out in cells [31].
Therefore, in order to test whether Trx1 suppresses MLKL activation, we stably
introduced a Dox-inducible Trx1 shRNA cassette into the genome of HeLa GFP-RIPK3:
MLKL-HA-FLAG cells by lentiviral transduction (Figure 2.4A). Cells that survived
hygromycin selection grew at similar rates as parental cells, and exhibited normal
morphology (data not shown). After 72 hours of Dox treatment, whole cell extracts were
prepared to analyze Trx1/RIP3/MLKL protein levels by Western blotting. Trx1
expression was significantly reduced in shTrx1 cells. Notably, Trx1 protein levels were
also reduced without Dox (Figure 2.4A, lane 3), suggesting the occurrence of leaky
SshRNA expression. Importantly, inhibition of Trx1 is known to trigger apoptosis by
activating apoptosis signal regulating kinase 1 (ASK1) [27, 28]. Therefore, to eliminate
the possibility of apoptosis in shTrx1 cells, z-VAD-fmk was included in all experiments.

Next, cell extracts were subjected to non-reducing SDS-PAGE and SDD-AGE analysis
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to test whether Trx1 knockdown promoted MLKL polymer formation. Indeed, cells with
diminished levels of Trx1 exhibited a propensity for forming MLKL tetramers (Figure
2.4B, lane 4). MLKL polymers were also detected by SDD-AGE in Trx1 knockdown
samples (Figure 2.4C, lane 4). Lastly, cell death measurement indicated that reduction
of Trx1 protein resulted in higher sensitivity to necroptosis (Figure 2.4D, column 2 and
4). These results suggest that Trx1l maintains MLKL in a reduced state to suppress

MLKL polymerization (Figure 2.4E).

To address the possibility that the crosslinking product MLKL-NSA-Trx1 might
contribute to NSA’s ability to block cell death, we tested the effect of NSA in shTrx1
cells. In these cells, MLKL-NSA-Trx1 crosslinked complex was not detected (Figure
2.4F, lane 4); however, NSA was fully capable of blocking T/S/Z-induced cell death
(Figure 2.4G, column 5 and 6), suggesting that NSA-mediated MLKL-Trx1 crosslinking
is not required for NSA to block necroptosis. The ability of NSA to inhibit necroptosis is

solely dependent on interacting with C86S of MLKL, and not Trx1 crosslinking.

PX-12 induces necroptosis in GFP-RIPK3: MLKL-HA-FLAG cells

Since shRNA-mediated Trx1 knockdown sensitized cells to necroptosis, we tested
whether chemical inhibition of Trx1 activity also exhibited the same effect. To perform
these experiments, we utilized a commercially available Trx1 inhibitor known as PX-12,
which irreversibly binds to Cys73 of Trx1, and prevents its two active site cysteines from

being reduced by thioredoxin reductase [32, 33]. We first tested PX-12 in GFP-RIPKS:
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Figure 2.3 Trx1 inhibits MLKL polymerization in vitro

(A) Whole cell extracts were prepared from GFP-RIPK3: MLKL-HA-FLAG cells and
Western blotting was performed with indicated antibodies. (B) Detection of MLKL
tetramers by non-reducing SDS-PAGE. Reduction of MLKL tetramers was performed by
incubating samples in 10mM B-mercaptoethanol (BME) at 30°C for 30 minutes. Western
blotting was performed with antibodies against p-S358 of MLKL (upper panel) or FLAG-
tag (lower panel). (C) Resolution of MLKL polymers by semi-denaturing detergent
agarose gel electrophoresis (SDD-AGE). MLKL polymers were reduced by incubating
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samples in 5mM dithiothreitol (DTT) at 30°C for 30 minutes. (D) In vitro MLKL
polymerization assay. Recombinant GST-NTD protein was incubated at 4°C (Lane 1) or
37°C (lane 2) for 16 hours. Half of the 37°C sample was then incubated with 5mM DTT
at 30°C for 30 minutes (lane 3). (E) Increasing amounts of Trx1 or CS2 mutant (3uM,
10uM and 30pM) were mixed with 5uM recombinant GST-NTD-FLAG, and incubated at
37°C to induce MLKL polymerization. The samples were separated by non-reducing
SDS-PAGE (upper panel) or regular SDS-PAGE (lower panel). (F) Samples were
prepared as in (E). MLKL polymers were resolved by SDD-AGE (upper panel), and
protein loading was visualized with Coomassie Blue staining (lower panel).

MLKL-HA-FLAG cells. Cells were treated with or without Dox for 24 hours followed by
increasing amounts of PX-12 ranging from 3uM to 30uM for an additional 16 hours.
Again, z-VAD-fmk was given to all experimental samples to eliminate the possibility of
PX-12-induced apoptosis. Dox-treated cells, which express GFP-RIP3 and MLKL-HA-
FLAG, exhibited an increased sensitivity to PX-12 treatment than cells given DMSO
(control) (Figure 2.5A). Importantly, co-treatment with NSA blocked PX-12-induced cell
death, confirming that PX-12 induced MLKL-dependent necroptosis as opposed to other
cell death types (Figure 2.5A). Cells were also stained with the cell-impermeable DNA
dye Sytox Green to confirm that cells exhibited a necrotic-like phenotype [34]. Our

findings confirmed that the observed cell death type was due to necroptosis and not

apoptosis (Figure 2.5B).

After determining that RIP3-MLKL expression sensitized cells to PX-12-induced cell
death, we evaluated the status of canonical biomarkers of necroptosis. PX-12 treatment
induced MLKL phosphorylation at a putative RIP3-specific phosphorylation site, S358,
indicating that RIP3 kinase activity was stimulated during PX-12-induced cell death
(Figure 2.5C) [35]. Moreover, MLKL FLAG-IP assays determined that RIP1, RIP3, and
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Figure 2.4 shRNA Trx1 knockdown promotes MLKL polymerization and sensitizes
cells to necroptosis

(A) Lentiviruses encoding Dox-inducible shRNA against Trx1 were transduced into
GFP-RIPK3: MLKL-HA-FLAG cells. Western blotting was performed to compare Trx1,
RIPK3, and MLKL protein levels in parental cells versus lenti-shTrx1 cells. Cells were
treated with Dox for 72 hours prior to preparation of whole cell extracts. (B) Cells were
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treated with or without Dox for 72 hours. MLKL tetramers were examined by non-
reducing SDS-PAGE. (C) Cells were treated with or without Dox for 72 hours, and
MLKL polymers were examined by SDD-AGE. Asterisk denotes a non-specific signal.
(D) Cells were treated with or without Dox for 72 hours and cell survival was measured
by CellTiter Glo assay. z-VAD-fmk was added the whole time to protect against
apoptosis. (E) Working model. Trx1 interacts with MLKL and keeps MLKL in a reducing
state which prevents it from spontaneous disulfide bond formation and being recruited
into the necrosome. (F) Parental or shTrx1 cells were treated with Dox for 24 hours
before 5uM NSA addition for another 16 hours. MLKL complexes were purified by
FLAG-IP and analyzed by Western blotting with antibodies against Trx1 or FLAG tag.
Arrowhead points to NSA crosslinked MLKL and Trx1. (G) Cells were treated as
indicated and cell survival was measured by CellTiter Glo assay.

MLKL were recruited to the necrosome complex in response to PX-12 treatment (Figure
2.5C). Lastly, PX-12 induced MLKL tetramer formation and polymerization
demonstrated by non-reducing SDS-PAGE and SDD-AGE, respectively (Figure 2.5D
and 2.5E). Taken together, Trx1 inhibition by PX-12 induced canonical biomarkers of

necroptosis in GFP-RIPK3: MLKL-HA-FLAG cells (Figure 2.5F).

PX-12 induces RIPK3-independent necroptosis in MLKL NTD-DmrB cells

To test whether PX-12 could kill cells in a RIP3-independent manner, we tested PX-12
in NTD-DmrB cells, which were originally generated from HelLa cells which do not
express RIP3 or endogenous MLKL [36]. In these cells, endogenous MLKL was
knocked out with CRIPSR-Cas9 technology. As noted before, expression of NTD-DmrB
is under the control of a Dox-inducible promoter (Figure 2.6A). The addition of Dimerizer
forces the interaction of the DmrB domain, and induces MLKL polymerization and
necroptosis [37]. To test whether the expression of NTD-DmrB sensitized cells to

necroptosis after PX-12 treatment, we treated cells with or without Dox for 24 hours
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Figure 2.5 PX-12 induces necrosome formation and necroptosis in GFP-RIPK3:
MLKL-HA-FLAG cells

(A) CellTiter Glo cell survival assay following PX-12 titration (3-30uM). GFP-RIPK3:
MLKL-HA-FLAG cells were treated with or without Dox for 24 hours followed by PX-12
or T/S/Z treatment for an additional 16 hours. z-VAD-fmk (20uM) was included in all
treatments to prevent apoptosis. (B) Sytox Green and Hoechst staining of live cells.
Scale bar represents 20um. (C) GFP-RIPK3: MLKL-HA-FLAG cells were induced with
Dox for 24 hours and then treated with 10uM PX-12 or T/S/Z for 6 hours. Whole cell
extracts were subjected to FLAG-IP, followed by Western blotting with indicated
antibodies. (D) Cells were treated as in (C) and whole cell extracts were separated by
non-reducing SDS-PAGE. Western blotting was performed with anti-FLAG (left panel)
or anti-pS358 MLKL antibody (right panel). (E) Cells were treated as in (C) and whole
cell extracts were separated by SDD-AGE. (F) Working model. Trx1 interacts with MLKL
under normal conditions to prevent MLKL polymerization. Trx1 inhibition increases
MLKL disulfide bond formation, and promotes its recruitment into the necrosome
complex to trigger necroptosis.

followed by increasing concentrations of PX-12 (1uM-10uM) in combination with z-VAD-
fmk for an additional 16 hours. Cell death was measured by cell survival by CellTiter Glo
assay. Cells expressing NTD-DmrB were significantly sensitized to PX-12-induced cell
death, which could be blocked by co-treatment with NSA (Figure 2.6B, column 4, 9 and
14). Cell death was confirmed to be necrotic in nature by Sytox Green staining (Figure
2.6C). PX-12 also appeared to stabilize NTD-DmrB, and promoted the formation of
MLKL tetramers and high molecular weight polymers (Figure 2.6D and 2.6E). These
results suggest that inhibition of Trx1 can promote necroptosis in a RIPK3-independent
manner by promoting MLKL polymerization directly, and thus has implications in cancer
biology (Figure 2.6F, right panel). In fact, PX-12 has been tested in Phase Il clinical
trials; however, it proved to be ineffective for the treatment of advanced pancreatic and
gastrointestinal cancers [38, 39]. Therefore, it is conceivable that cells with elevated

MLKL expression may be more susceptible to PX-12 treatment. Further investigation
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will need to be conducted to determine whether PX-12 can induce necroptosis in vivo
models, and if so, does it do so in a RIP3-dependent or independent manner as

depicted in Figure 2.6F.

Discussion

Necroptosis has garnered increasing attention over the past several years for its
implications in host immune defense and human disease. At the heart of the necroptotic
pathway is RIP1, RIP3 and MLKL, the major components of the necrosome complex. In
mammalian cells, RIP3-dependent MLKL activation leads to the formation of toxic MLKL
polymers [37]. Current models of necroptosis indicate that MLKL polymers are
responsible for disrupting the integrity of the plasma membrane. MLKL polymers were
previously shown to be stabilized by intermolecular disulfide bonds as reducing agents
such as dithiothreitol and (B-mercaptoethanol readily dissociate polymers in vitro [11,
37]. Yet, the mechanistic details as to how these polymers are formed remains
unresolved. We identified Trx1, a thiol oxidoreductase, as a MLKL binding partner. As
previously illustrated, Trx1 interacts with MLKL under normal conditions, and actively
maintains it in a reduced inactive state. However, when Trx1 activity is perturbed, MLKL
is incorporated into the necrosome complex, thus enabling MLKL to assemble into high
molecular weight polymers that are necessary for executing necroptosis. Whether
oxidation plays a role in activating MLKL polymerization though remains an open

guestion in the field.

Interestingly, mitochondrial dysfunction and ROS production has been observed during
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Figure 2.6 PX-12 induces RIPK3-independent MLKL polymerization in NTD-DmrB
cells

(A) Western blot characterization of Dox-inducible NTD-DmrB expression. With
Dimerizer, NTD-DmrB forms disulfide bond-dependent polymers to trigger necroptosis.
(B) CellTiter Glo cell survival assay following PX-12 titration (1-10uM). NTD-DmrB-
FLAG cells were treated with or without Dox for 24 hours followed by PX-12 or
Dimerizer treatment for an additional 16 hours. z-VAD-fmk (20uM) was included in all
treatments to prevent apoptosis. (C) Sytox Green and Hoechst staining of live cells.
Scale bar represents 20pm. (D-E) Assessment of MLKL tetramer and oligomer
formation by non-reducing SDS-PAGE and SDD-AGE, respectively. (F) Working model.
(Left panel) Trx1 inhibition promotes necrosome formation and RIP3-dependent MLKL
activation and polymerization. (Right panel) Trx1 inhibition may also directly induce
disulfide bond-dependent MLKL polymer formation to promote necroptosis.

necroptosis leading researchers to hypothesize that oxidation plays an important role
during necroptosis [40-42]. Moreover, RIP1 was recently shown to be activated by ROS
generated during TNFa-induced necroptosis in L929 murine cells [20]. Here, we
propose that Trx1 may be directly exerting its oxidoreductase activity on MLKL to
suppress necroptosis. It is conceivable that elevated ROS levels may perturb Trx1
activity, although this idea has not been thoroughly investigated. This is supported by
our findings which show that genetic and pharmacological inhibition of Trx1 enhanced
MLKL activation as seen by polymer formation, resulting in higher sensitivity to
necroptosis. Interestingly, RIP3, a major component of the necrosome, was dispensable
for executing necroptosis as a result of Trx1 inhibition (Figure 2.6), supporting the notion
that Trx1 activates MLKL directly. However, the presence of RIP3 may still facilitate

MLKL activation in this context given that MLKL S358 phosphorylation and RIP1/3

necrosome recruitment was detected when Trx1 activity was inhibited (Figure 2.5).
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Markedly, only a fraction of total MLKL was crosslinked to Trx1, suggesting that the
majority of MLKL is not associated to Trx1 at any given time. One explanation for this
result is that the interaction between Trx1 and MLKL may be transient, which is
common among an enzyme and its substrates. Previous reports indicate that the
associations between Trx1l and its substrates are relatively weak and short-lived,
particularly during oxidative stress. For example, Trx1 maintains apoptosis signal-
regulating kinase 1 (ASK1) in a reduced, inactive state under normal conditions;
however, increase in oxidative-stress dissociates Trx1-ASK1 and induces apoptosis [25,
27]. We hypothesize that Trx1 may be regulating MLKL in a similar manner. Therefore,
NSA may be primarily trapping Trx1 molecules that come into contact with MLKL
intermittently, which may explain why we were not able to co-immunopurify Trx1 with
MLKL using standard IP assays. As shown in Figure 2.2, this problem was overcome by
increasing the amount of available Trx1 using recombinant protein. Trx1 immobilized
nickel beads were able to pulldown endogenous MLKL from HT29 cell extracts. Notably,
Trx1 preferentially bound monomeric MLKL suggesting that active MLKL polymers have
a lower affinity for Trx1 binding (Figure 2.2C). Thus, alterations in MLKL conformation
that occur during necroptosis, potentially via RIP3-dependent phosphorylation, may lead
to Trx1-MLKL dissociation. To better understand this phenomenon, further analysis is
required to determine the precise conformational changes in MLKL that affect Trx1

binding.
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Overall, these findings provide a deeper understanding of the regulatory networks that
control MLKL activation. This is the first line of evidence to implicate Trx1 as a binding
partner and suppressor of MLKL in cells. Future studies will be directed towards in vivo
validation of Trx-1-MLKL interaction, and whether Trx1 inhibition induces necroptosis in
tissues. Lastly, reports linking Trx1-inhibition to apoptosis in cells is well established [33,
43, 44], however, our results expand cell death outcomes induced by Trx1 inhibition to
necroptosis. The notion that inhibition of Trx1 with PX-12 sensitizes cells to necroptosis
could have significant implication in cancer therapy. PX-12 has been employed in
cancer clinical trials without obvious efficacy [38, 39]. However, our data suggest that
PX-12-induced necroptosis depends on elevated levels of MLKL expression (Figure 2.5
and Figure 2.6). Identifying cancer patients with high MLKL expressing tumors will

potentially result in better outcomes with PX-12 treatment.
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Chapter 3. MLKL membrane association and lysosome rupture

Introduction

A defining morphological feature of necroptosis is the disintegration of cellular
membranes. Breakdown of membranous structures, in particular the plasma membrane,
distinguishes necroptosis from non-immunogenic cell death programs such as
apoptosis, and is the preeminent factor attributed with its pro-inflammatory nature [1].
Previously described as an “ordered cellular explosion”, necroptosis-associated
membrane rupture causes cells to release their contents into the surrounding tissue
thereby signaling an inflammatory response [2]. As a result, membrane rupture presents
serious consequences for human health. Excessive necroptotic cell death and
subsequent inflammation contributes to a wide array of human pathophysiological
conditions [3-5]. Given these outcomes, cells have evolved several regulatory measures
to tightly control necroptosis and prevent undesired cell death from occurring, many of
which also control apoptosis [6-8]. In effect, necroptosis is regularly suppressed in cells,
and is only triggered under very specific conditions. This is best exemplified by previous
experiments showing that genetic ablation of RIP3 or MLKL, core components of the
necrosome complex, had no physical effects at any stage during mouse embryogenesis
or further developmental processes throughout adulthood [8]. Therefore, the
contribution of necroptosis in human disease is thought to be acquired from
dysregulated necroptotic signaling molecules, particularly RIP1, RIP3, or MLKL [3, 9,

10]. Upregulated expression of central necroptotic genes sensitizes cells to death
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stimuli by surpassing the inhibitory threshold of the aforementioned regulatory networks.
In order to find methods for preventing the negative effects of unchecked necroptosis,
researchers have focused their efforts in understanding the final stages of the

necroptotic pathway which encompasses MLKL-mediated membrane rupture.

Conversely, necroptotic cellular membrane rupture is a critical mechanism for host
immune defense against microbial infection, particularly those manifested by viruses. A
growing number of viruses including HSV-1/2 and IAV have been shown to modulate
necroptotic cell death signaling in mammalian cells [11, 12]. Cells equipped with the
appropriate necroptotic machinery sense certain viral components (e.g. viral RNA and
DNA) during an infection, and transduce necroptotic signals through RHIM-domain
mediated protein interactions (i.e. TRIF, ZBP1, and RIP1/3) [13, 14]. Consequently,
membrane rupture serves as a beneficial barrier against viral propagation by mounting
a two-prong immune response. First, necroptosis eliminates infected cells, thus
hindering the spread of infection to other healthy cells [15]. Secondly, the release of
damage-associated molecular patterns that simultaneously alert nearby cells of the
innate immune system to the site of infection [16, 17]. The combination of cell death and
activation of the host’s antiviral immune response coordinates efficient clearance of viral
particles. Although this approach appears potentially harmful, necroptosis is
evolutionarily advantageous as it serves as an insurance policy that protects organisms
against invading pathogens in times when apoptosis is not sufficient for clearing the

infection [18, 19]. This is bolstered by several in vivo findings showing that RIP3
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knockout mice succumb to viral infection and die shortly after being inoculated [11, 12,

20].

Altogether, membrane rupture is a critical step in executing necroptosis, and is caused
in part by the direct action of MLKL [21]. Under necroptotic conditions, MLKL is recruited
to the necrosome, a multi-protein complex central for transducing necroptotic signals
that contains serine/threonine kinases, RIP1 and RIP3 [22]. RIP3-dependent
phosphorylation of MLKL’s C-terminal kinase-like domain promotes the formation of
high molecular weight MLKL polymers that localize to the surface of various cellular
compartments [23-25]. Early biochemical studies indicated that activated forms of MLKL
translocated to membrane-rich fractions which was determined by subjecting cellular
extracts to differential centrifugation [23, 26]. Moreover, cell-free assays using
recombinant MLKL protein revealed that its ability to associate with membranes was
attributed to its N-terminal 4HBD [27, 28]. Overexpression of MLKL’s 4HBD is sufficient
for executing necroptosis, and was shown to interact with various subtypes cellular
compartments [23, 29]. These results were corroborated using immunofluorescent
MLKL staining which demonstrated that MLKL formed distinct punctae that were
enriched primarily at the plasma membrane in murine cells while human MLKL was
detected with mitochondria, endoplasmic reticulum, and lysosomes, in addition to the
plasma membrane suggesting that executing necroptosis differs slightly between

species [23, 30, 31].
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Once membrane bound, MLKL polymers disrupt the integrity of their target membranes
ultimately causing cell death. Yet many outstanding questions regarding this process
remain unanswered such as 1.) What is the precise molecular mechanism by which
MLKL disrupts membranous structures? 2.) Is MLKL solely responsible for membrane
rupture, or are other factors involved? 3.) Is MLKL-mediated membrane
permeabilization non-selective, or are specific organelles preferentially targeted in order
to execute cell death? 4.) Is membrane rupturing the final step of necroptosis, or do
molecules leaked from permeabilized organelles play a role in downstream signaling
events? By better understanding MLKL-mediated membrane rupture and subsequent
consequences, strategies for developing therapeutic approaches for modulating

necroptosis in vivo are expected to emerge.

So far, a class of small molecule inhibitors known as necrostatins, which target
upstream RIP1 kinase activity, along with a few RIP3 inhibitors have been successfully
utilized for blocking necroptosis in cells grown in culture and in mice [32-35]. However,
given their effects on other important signaling pathways, primarily those involved in
apoptosis and inflammatory cytokine production, these compounds pose significant
problems in terms of undesired side-effects [36, 37]. Another well-known compound,
NSA, was discovered to be a direct inhibitor of MLKL [38]. NSA covalently modifies
Cys86 of the human MLKL protein, and blocks proper MLKL polymer formation [38].
Unfortunately, given that it reacts with cysteine residues found on other proteins, NSA

has proven to be impractical for in vivo use. Nonetheless, in vitro use of NSA has
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provided a proof of principle indicating that MLKL inhibition, and perhaps downstream
events, is a better route for blocking necroptosis. Therefore, identifying compounds that
inhibit necroptosis at the level of MLKL provides a more stringent approach for treating

necroptosis-associated human diseases in a more effective and specific manner.

As previously mentioned, various cellular organelles are targeted by MLKL, and thus
implicated in being involved in the necroptotic pathway. In murine cells, MLKL localizes
predominantly at the cell surface, which is largely in agreement with the prevailing
model of necroptosis that depicts the rupturing of the plasma membrane as the final
step in executing cell death. The morphological features of plasma membrane rupture if
often shown through images taken by an electron microscope (EM) [2, 39]. EM images
show necroptotic cells with a discontinuous plasma membrane indicating that rupture
had occurred. The same was not detected in cells undergoing apoptosis. Furthermore,
rupturing of the plasma membrane is necessary for the release of intracellular DAMPs.
Over the past several years, the list of DAMPs has grown with the most cited molecules
being nucleotides (i.e. ATP), nucleic acids, and HMGB1 [40]. Overall, studies of
necroptosis in murine cells has shed light on the mechanism of MLKL-mediated plasma

membrane rupture, although the same cannot be said about human cells.

In human cells, activated MLKL localizes to various cellular organelles with varying
degrees of enrichment [23]. For instance, MLKL and RIP3 were shown to interact with

mitochondrial serine/threonine-protein phosphatase PGAMS providing a line of evidence
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that mitochondria play a significant role during necroptosis in human cells [30, 41]. This
is bolstered by in vitro binding data which suggested that MLKL interacts with cardiolipin
[23]. Moreover, mitochondrial networks were shown to be fragmented after TSZ
treatment [41]. In line with these findings, increase in ROS production was detected in a
variety of cell types further suggesting that mitochondrial dysfunction and perturbations
in oxidative phosphorylation occurred in response to necroptotic stimuli [42-44].
However, recent studies have challenged the notion of mitochondrial involvement in
necroptosis. In one study, ablation of mitochondria by means of carbonyl cyanide m-
chlorophenylhydrazone (CCCP)-induced mitophagy, did not affect the sensitivity of cells
to TSZ [45]. Other studies indicate that deletion of PGAMS5 and Drp1l also had no effect
on apoptosis or necroptosis, and thus are dispensable for these cell death programs
[30, 46]. Currently, it remains unclear whether necroptotic signals converge on the
mitochondria. However, the possibility that mitochondria plays a role during necroptosis
in specific cell types, or in a context-dependent manner cannot be ruled out. Therefore,
further investigations are needed to determine whether mitochondria or other organelles

are involved in the necroptotic process.

To this end, we decided to focus our efforts on the role of lysosomes in the human
necroptotic pathway. Promising results produced in C. elegans and RIP3-expressing
HelLa cells lines suggested the involvement of lysosome membrane rupture and
lysosomal proteases in executing necroptosis [47-49]. Moreover, hydrolytic lysosomal

enzymes, particularly the cathepsin family of proteases, have been implicated in
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mediating necrotic cell death [49, 50]. Thus, this chapter will highlight experiments

aimed at investigating the mechanism of lysosomal membrane leakage.

Results

Lysosomal membrane rupture occurs during necroptosis in human cells

Previous data indicate that lysosomal membrane rupture occurs in response to various
necrotic stimuli in C. elegans [47, 51]. In accordance with these findings, our preliminary
data suggested that lysosomes were also affected in human cells. Live-cell imaging
indicated that lysosomal membranes were compromised in HT-29 cells after TSZ
treatment (Figure 3.1). To detect this phenomenon, cells were pre-loaded with 10,000
MW FITC-labeled dextran beads. Dextran beads are endocytosed by the cells, and
eventually stored in lysosomes [52]. Dextran bead-loaded lysosomes were observed as
bright green punctae under a fluorescent microscope (Left panel Figure 3.1A). Under
necroptotic conditions, the fluorescent green signal dispersed throughout the cytoplasm
indicating that the dextran beads were no longer restricted within lysosomes due to
lysosomal membrane permeabilization (Right panel, Figure 3.1B). However, whether
lysosome membrane rupture is necessary for executing necroptosis, or merely a

consequence of cell death remained an open question.

Given that dextran beads were released from lysosomes during necroptosis,
presumably hydrolytic lysosomal enzymes would also be leaked into the cytoplasm.

Indeed, preliminary data shows that cathepsin A, B, C, K were released into the
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Figure 3.1 Lysosomes rupture during necroptosis in HT-29 cells. Lysosomes were
labeled with 10,000 MW FITC-labeled dextran beads prior to TNFa-induced necroptosis
induction. (A) Fluorescent green dextran lysosome labeling prior to necroptosis. (B)
Fluorescent green dextran lysosome labeling after TSZ treatment.
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Figure 3.2 Cathepsin proteases are released into the cytosolic fraction after TSZ
treatment. Cytosolic (S20) and crude membrane fractions (P20) of HT-29 cells treated
with a vehicle control (DMSO) or TSZ were separated by centrifugation, and analyzed
by Western blotting.

cytosolic fraction in response to TSZ treatment as detected by Western blotting (Figure
3.2). To test whether lysosomal enzymes contributed to cell death, cell survival was
measured after co-treating RIP3-expressing HelLa cells with a cathepsin B inhibitor, CA-
074Me [53]. Cathepsin B belongs to a family of lysosomal cysteine proteases involved
in the degradation of protein substrates [54]. Importantly, cathepsins have been
implicated in inducing necrotic forms of cells death [49, 53, 55]. CA-074Me partially
protected cells from TSZ-induced necroptosis suggesting cell death is driven through a
proteolytic process in which cathepsin B is involved (Figure 3.3). Altogether, lysosomal
membrane rupture and subsequent release of luminal enzymes appears to play a
significant role in executing necroptosis in human cells; however, their importance in in
vivo models of necroptosis has yet to be determined. Additionally, the identity of factors

involved in directly disrupting lysosomal membranes, which include RIP3 and MLKL,

remained undetermined.

Establishment of in vitro cathepsin L leakage assay

Due to a lack of tools for studying lysosome rupture, it was necessary to develop a
biochemical assay as a means for identifying factors involved in this process. Ideally,
the assay would be able to detect active leakage of luminal lysosome enzymes in an

unbiased manner. In theory, lysosomal leakage factors would be found in cytosolic cell
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Figure 3.3 Cathepsin B CA-074Me blocks TSZ-induced necroptosis in RIP3-
expressing HelLa cells. Cells were co-treated with TSZ and 1mM CA-074Me for 16
hours in a 96-well format. CellTiter Glo assay was used to measure cell death.

extracts. Therefore, the assay was designed in a way that cathepsin leakage emanating
from crude lysosomal membrane fractions could be detected after incubation with
necrotic cytosolic cell extracts. To this end, RIP3-expressing HelLa cells were stably
transfected with a FLAG-tagged version of the lysosomal enzyme, Cathepsin L (CTSL).
Crude membrane fractions (P20) were prepared from these cells, and subsequently
incubated with cytosolic cell extracts (S20) from TSZ treated necroptotic cells. If CatL-
FLAG was released, it would be detected in the soluble fraction either by enzymatic
activity using a specific fluorescent cathepsin L substrate, Z-Phe-Arg-AMC, or by SDS-

PAGE anti-FLAG immunoblotting. By probing against the FLAG epitope, the detection
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of leaked CatL-FLAG is made highly sensitive, diminishing any unwanted background
that may arise from endogenous cytosolic or membrane portions found within the
system. Initial data showed that CatL-FLAG was released from P20 fractions after a 3-
hour incubation at 30°C incubation suggesting that the assay was functioning as
expected (Figure 3.4). Interestingly, CatL-FLAG leakage activity was found in both
healthy and necroptotic cytosolic extracts. Moreover, CatL-FLAG leakage happened in
a dose-dependent manner (Figure 3.5). However, it was unclear whether the leakage of

CatL-FLAG was due to protein(s) activity or small molecules.

Induction of Cathepsin L leakage by NTD-DmrB polymers

As an alternative approach to test CatL-FLAG leakage, rather than using whole cell
extracts derived from HT-29 cells, cytosolic S20 extracts from MLKL NTD-DmrB were
utilized to determine whether MLKL polymers could lyse lysosomes within the P20
membrane fraction. To accomplish this, we set out to induce NTD-DmrB polymerization
in vitro by adding DmrB dimerizing agent to the S20/P20 mixture and then examine
CatL-FLAG release as previously described. However, we were unable to detect NTD-
DmrB polymerization regardless of extract, Dimerizer, or incubation time tested (data
not shown). A positive readout of proper in vitro polymerization would have to be
comparable to NTD-DmrB polymers produced in cells prior to lysis as seen by Blue-

Native PAGE Western blot analysis (Figure 3.6).
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Figure 3.4 Cathepsin L (CatL-FLAG) lysosomal leakage assay. Cytosolic extracts
(S100) from healthy and TSZ treated Hela cells were tested for lysosome CatL-FLAG
leakage activity. P20 crude lysosomal extracts containing recombinant FLAG-tag
cathepsin L were incubated with S100 extracts to induce the release of CatL-FLAG into
the soluble fraction. Anti-FLAG Western blotting was used to confirm CatL-FLAG
leakage.
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Figure 3.5 Cathepsin L leakage occurs in a dose-dependent manner. Increasing
amounts of cytosolic S100 extract was incubated with P20 membrane fractions.
Cathepsin L leakage was analyzed by anti-FLAG Western blotting.
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Unfortunately, under the several conditions tested, we were unable to detect generation
of NTD-DmrB polymers. As with any cell-free assay, there are several reasons that may
explain why polymerization could not be achieved in S20 extracts. First, it is conceivable
that cellular membranes facilitate or are required for MLKL polymerization, thus removal
of the P20 fractions may have undermined the design of the experiment. However,
supplementing the reaction with P20 or using whole cell extract also did not render
positive results. Altogether, MLKL association with lysosomal membranes may rely on
the architecture of an intact cell which would allow for proper membrane trafficking to
lysosomes. It is also possible that the DmrB-domain simply is not accessible after cell
lysis. The structure of NTD-DmrB may be altered, or non-specific protein binding may
sterically hinder the DmrB-domain. Lastly, certain parameters needed for polymerization
may not have been met. For instance, NTD-DmrB may need to meet a critical
concentration barrier, perhaps in a specific cellular compartment or vesicle in order to
polymerize. In our assay, NTD-DmrB may have been too dilute to successfully
polymerize. All of these concerns may have contributed to the failure of this part of the
project. Perhaps a better approach would be to test purified NTD-DmrB. NTD-DmrB
could be purified either by immunoprecipitation, liquid chromatography, or from a human
protein expression system like HEK293 cells. However, isolating recombinant MLKL
poses problems in terms of it self-polymerizing during the purification process. It is
possible that MLKL can be truncated further to find species that are stable and soluble
in monomeric forms. The effect of truncated MLKL proteins would have to be tested in a

cell death assay to confirm that they still retain their necroptosis executing function.
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Verification of the cathepsin L leakage assay

To verify that the source of CatL-FLAG activity was coming from proteins, we used a
protein spin column with a 5kDa molecular weight cutoff to separate small molecules
from proteins in S100 cytosolic extracts. It is important to note that healthy extract was
used since it exhibited the same activity as necroptotic extract. Small molecules pass
through the protein column (flow through) while proteins larger than 5kDa were retained
in the column. Both fractions were then applied to the CatL-FLAG leakage assay to
determine whether the observed outcome was due to a small molecule or protein(s).
CatL-FLAG leakage activity remained in the retained fraction indicating that proteins

were responsible for the observed result (Figure 3.7).

As a secondary approach, cytosolic extracts were heat-treated at 65°C for different
times as way of eliminating the lysosomal leakage activity. Under these conditions, most
protein activity would be lost while small molecules would be left unaffected. As seen in
Figure 3.8, heat-inactivation significantly reduced CatL-FLAG leakage activity. Again,
lysosomal leakage was attributed to the action of proteins and not small molecules.
Lastly, to identify the proteins responsible for CatL-FLAG leakage, cytosolic extracts
were fractionated using a hydrophobic interacting column (HIC) via fast protein liquid
chromatography (FPLC). Proteins possessing CatL-FLAG leakage activity bound to the
HIC column, which eluted in fractions 7 and 8 as indicated by the anti-FLAG
immunoblots and the resulting FPLC chromatogram (Figure 3.9). This was the first step

in purifying the protein(s) responsible for lysosomal leakage. Through additional
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Figure 3.6 MLKL NTD-DmrB polymers resolved by Blue-Native PAGE. Whole cell
extracts from NTD-DmrB cells were resolved on a 4-12% gradient Blue-Native PAGE
gels. Cells were treated with Dimerizer and NSA for 16 hours. Anti-FLAG Western
blotting was performed to visualize MLKL polymers.
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Figure 3.7 Lysosomal leakage activity in cytosolic cell extracts is retained in
protein fraction. HeLa S100 extract was passed through a 5kDa protein spin column to
determine whether the lysosomal leakage activity was emanating from a protein or
small molecule. The retained fraction and flow through were applied to the cathepsin L
leakage assay.

purification steps, it would be possible to track lysosomal leakage activity in S100
cytosolic extracts to the point that proteins could be identified by mass spectrometry.

Unfortunately, at this point, the direction of this project changed due to challenges

outlined in the discussion section below.

Discussion

Lysosome membrane rupture is observed during the final stages of the human
necroptotic pathway, and therefore may be a critical step for executing cell death.
Breakdown of lysosomal membranes causes cell death through the release of hydrolytic
enzymes, such as cathepsin cysteine proteases, into the cytoplasm where they degrade
vital cellular components needed for survival. However, the molecular mechanism(s)
controlling lysosomal membrane disruption has remained elusive due to a lack of tools
and reagents needed for studying this process. Therefore, we established an in vitro
cathepsin L lysosomal leakage assay for identifying endogenous proteins involved in
directly disrupting lysosome membrane integrity. This assay would allow us to track
protein activity as we further fractionate cytosolic extracts to purify leakage factors using

various biochemical techniques.

Once the identity of the proteins is discovered by mass spectrometry, cell-based loss-of-
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Figure 3.8 Heat treatment of cytosolic extracts decreases lysosomal leakage
activity. S100 extracts were heat-treated at 65°C for the corresponding length of time,
and incubated with crude P20 membrane fractions. CatL-FLAG leakage was analyzed

by anti-FLAG Western blotting.
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Figure 3.9 Active lysosomal leakage proteins bound to a hydrophobic interaction
column (HIC). Cytosolic S100 HelLa cell extract was fractionated via a HIC column by
FPLC. Eluted fractions were tested for lysosomal leakage activity using the cathepsin L

79



leakage assay. (Above) Anti-Flag western blot analysis of the leakage assay. (Below)
HIC chromatogram of fractionated S100 cell extract.

function (i.e. siRNA-mediated knockdown) and gain-of-function (i.e. overexpression)
experiments would be conducted to verify the involvement of candidate proteins in
necroptosis. Unfortunately, further analysis determined that the observed leakage of
CatL-FLAG was an artifact. First, lysosomal leakage activity was not specific to
necroptotic cell extracts. This meant that the activity we were tracking was most likely
not associated with necroptosis. More importantly, MLKL knockout extracts did not
affect CatL-FLAG release which was one of the main reasons why the lysosomal
leakage assay was established (data not shown). Secondly, CatL-FLAG leakage
occurred almost instantly on ice indicating a lack of enzymatic activity. Lastly, stable
expression of CatL-FLAG did not produce mature protease products which are
attributed with proper protein processing, maturation and lysosome localization [56].
Therefore, we were unable to conclude that CatL-FLAG was leaking from lysosomes.

Given these drawbacks, this project was discontinued.
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Chapter 4. Discussion

The relevance of necroptosis in human health has been demonstrated in a variety of in
vitro and in vivo model systems [1-3]. Over the past several years, it has become
increasingly clear that the primary physiological role of necroptosis is to defend against
invading pathogens, and therefore necessary for survival [4, 5]. Viruses, in particular,
trigger necroptosis, which clears infection in host organisms by destroying infected cells,
and eliciting an inflammatory response through the release of DAMPs [6, 7]. Some
viruses inhibit necroptosis as a way of evading detections and clearance [8]. Thus far,
Vaccinia virus, Cytomegalovirus, Herpes Simplex Virus types 1 and 2, Influenza A virus,
and Human Immunodeficiency Virus Type-1 have all been implicated in modulating
necroptosis in murine and/or human experimental models [9-14]. The list of pathogens
capable of controlling necroptosis is likely to grow as investigations into viral-related cell
death mechanisms continues to advance. In fact, early evidence suggests that
programmed forms of necrosis are triggered in response to Zika virus, a highly

infectious virus that threatens the health of millions of people worldwide [15].

Efforts aimed at unraveling the molecular mechanisms that regulate necroptosis led to
the identification of death receptors, TLR3/4, and RHIM-domain containing proteins
TRIF, ZBP1, RIP1, and RIP3 as proteins necessary for sensing microbial-derived
factors and transducing death signals in mammalian cells [6, 16-21]. These signals
converge through RIP3 kinase-dependent activation of pseudokinase, MLKL, which is

responsible for disrupting the plasma membrane, and remains the most reliable
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necroptotic biomarker known to date [22, 23]. Mice lacking RIP3 kinase activity or MLKL
are susceptible to microbial infection and die shortly after viral challenge, highlighting
the importance of necroptosis in host antiviral response [1, 24]. Apart from the TNFa-
induced necroptosis model (i.e. TSZ), the use of viruses will be key to uncovering novel
necroptotic regulators. Viruses provide a more reliable system for studying necroptosis
since they are naturally occurring infectious particles that requires no additional
supplements, such as pan-caspase inhibitors (i.e. z-VAD-fmk) or Smac mimetics, to Kkill
cells. The use of these additives is widely accepted in the field, and has helped to
identify several other components of the necroptotic pathway(s); however, treatments
like TSZ create an artificial scenario that does not reflect necroptosis in nature, thus

giving viral-driven studies an edge in producing high impact discoveries.

However, unlike apoptosis, necroptosis is not required for proper development or tissue
homeostasis [25, 26]. RIP3 or MLKL knockout mice mature to adulthood without any
obvious defects. This indicates that necroptosis is held in a perpetual state of inhibition,
and is only triggered in highly specific circumstances (e.g. viral infection) as to prevent
excessive inflammation and tissue damage. Thus, numerous necroptotic regulatory
networks have been identified, most of which also regulate apoptosis, including
clAP1/2, FADD, and caspases, particularly Caspase-8, which at basal levels, actively
cleaves RIP1 and RIP3 to suppress necroptosis [27-29]. As a result, pan-caspase
inhibitors are often used in combination with death-inducing stimuli to drive necroptosis

in vitro. Certain viruses also encode caspase inhibitors to modulate necroptosis [30].
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Caspase-8 or FADD knockout confers embryonic lethality in mice due to excessive
necroptosis [31]. To prove that necroptosis was involved in the death of these mice,
researchers were able to rescue the phenotype by genetically co-ablating RIP3 or MLKL
[1, 28]. Given these findings, necroptosis remains relatively “quiet” under sterile
conditions, which led to the “back-up” cell death theory. Only in situations when
apoptosis fails, is bypassed, or inhibited, are alternative forms of cell death like
necroptosis activated. Thus, necroptosis is thought to serve as a “back-up” to apoptosis
when absolutely needed like during a viral infection. However, there are exceptions to
the rule. For example, in murine L929 fibroblast cells, TNFa preferentially induces
necroptosis over apoptosis [32]. Therefore, it is possible that certain cell types can
undergo necroptosis more readily than others, and thus are more susceptible to death
signals. Moving forward, it will be important to determine whether there is a subset of

human cells that exhibit the same phenotype as L929 cells.

Although having the requisite molecular machinery for undergoing necroptosis is
advantageous in fighting infection, the potential of it becoming dysregulated constantly
looms in the background. Upregulated expression of RIP1, RIP3, or MLKL is thought to
be a major contributing factor in the pathogenesis and progression of a broad array of
human diseases, though the causes leading to these changes in gene expression are
not known [33-35]. Yet, the number of necroptosis-associated diseases continues to
grow with the advent of anti-phospho-RIP3/MLKL antibodies, which allow for histological

studies of primary patient samples. In effect, necroptosis has been linked to
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neurodegenerative diseases, inflammatory diseases, and ischemic/reperfusion injuries

[25, 36, 37].

To curb the progression of these diseases, efforts have been made to identify
compounds that specifically inhibit necroptosis. To this end, researchers found a class
of small molecule RIP1 inhibitors known as necrostatins [38]. Nec-1 inhibits RIP1 kinase
activity, and blocks necroptosis in mammalian cells grown in culture [39]. In addition to
Necrostatins, there are also RIP3 kinases inhibitors (e.g. dabrafenib, GSK’872) [40, 41].
However, given that RIP1 and RIP3 play important roles in other pathways such as in
NFkB signaling, inflammasome activation, and apoptosis, these compounds carry
inherent risks in terms of undesired off-target effects [42-44]. Therefore, to best target
necroptosis, inhibitors against MLKL should, in theory, be much more specific. This led
to the discovery of NSA [45]. However, given NSA’s reactivity to reactive cysteine
residues, it is conceivable that it targets other proteins, and therefore may present
unforeseen off-target effects. Additionally, murine MLKL lacks Cys86, so NSA cannot be
tested in in vivo mouse models which is a considerable limitation. Other than Nec-1,
effective methods for inducing or inhibiting necroptosis in vivo continues to be a major
focus in the cell death field. Therefore, it is critical to further investigate properties of
MLKL like polymer formation, its binding partners, and downstream cellular events in
order to discover additional necroptotic biomarkers and potential novel therapeutic

targets.
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A major portion of my thesis work was focused on identifying MLKL binding partners
and evaluating their effect on MLKL activity. Our research efforts led to the identification
of Trxl as a suppressor of MLKL polymerization. MLKL polymer formation is a
necessary step in executing necroptosis [46]. In mammalian cells, RIP3-dependent
MLKL phosphorylation leads to the formation of SDS-resistant MLKL polymers that may
possess amyloid-like characteristics according to our SDD-AGE data in Chapter 2.
Current models of necroptosis indicate that MLKL polymers are responsible for
disrupting the integrity of the plasma membrane, and perhaps other membranous
compartments as well [47]. As previously stated, membrane rupture is a major facet of
the necroptotic pro-inflammatory response needed to clear invading pathogens.
However, the precise mechanism by which MLKL polymers disrupt cellular membranes
in not fully understood. Recent findings suggest that these polymers form pores that
pierce through membranes, and act as channels that allow for an acute influx of
extracellular cations, which ultimately causes cells lysis [48]. Studies show that calcium
ion chelation protects certain cell types against necroptosis [49]. Alternatively,
potassium ion efflux has also been proposed as an event needed for MLKL-mediated
NLRP3 inflammasome activation and IL-1f3 pro-inflammatory cytokine processing [50].
However, there is still much debate surrounding these findings, as this appears to be a

context-dependent event.

Interestingly, MLKL polymers are stabilized by intermolecular disulfide bonds, as

reducing agents such as DTT and BME readily dissociate polymers in vitro suggesting
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that MLKL requires an oxidative environment to execute necroptosis [46]. In practice,
non-reducing SDS-PAGE Western blotting is often used for detecting MLKL tetramers
[46]. For resolving larger megadalton size MLKL polymers, techniques such as semi-
denaturing detergent agarose gel electrophoresis (SDD-AGE) provide a qualitative
output for determining the occurrence of MLKL polymers in a given sample. Given that
MLKL polymers are held together by intramolecular disulfide bonds, it is conceivable
that MLKL is a Trx1 substrate, as Trx1 can readily reduce MLKL to block the induction
of spontaneous necroptosis from occurring. Yet, the mechanistic details as to how these
polymers are formed, and the role of cellular oxidation in necroptosis is not fully

understood.

As stated before, ROS production has been reported during necroptotic cell death
leading researchers to hypothesize that oxidation plays an important role during
necroptosis [51, 52]. Given these findings, we proposed that Trx1 protects cells from
undergoing necroptosis by directly exerting its oxidoreductase activity on MLKL. This is
supported by our findings which demonstrate that genetic and pharmacological
inhibition of Trx1 enhanced MLKL activation, as seen by polymer formation and
increased sensitivity to cell death in two independent HelLa cell line model of
necroptosis (NTD-DmrB and GFP-RIP3: MLKL-HA-FLAG). Surprisingly, RIP3 was
dispensable for inducing necroptosis after Trx1 inhibition in NTD-DmrB expressing cells
supporting the notion that Trx1 inhibition leads to direct MLKL activation. However, the

presence of RIP3 may facilitate MLKL activation given that MLKL S358 phosphorylation
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and RIPK1/3 necrosome recruitment was detected when Trx1 activity was inhibited by
PX-12. Therefore, future studies should test whether Trx1 and MLKL directly interact
with one another, and whether their interaction changes depending on the polymer

status of MLKL.

As shown in Figure 2.1, insights into the nature of MLKL-Trx1 interactions emerged
from NSA crosslinking experiments. NSA crosslinking Trx1 Cys32 which is located
within its active site suggesting that the functional region of Trxl1 mediates the
interaction between MLKL. Moreover, in vitro HA-Trx1-6xHis binding data revealed that
mutations to Trx1’'s active site cysteines significantly reduced its ability to bind MLKL
(Figure 2.2A). Previous reports indicate that the associations between Trx1 and its
substrates are relatively weak in the presence of oxidative stress [53]. It is possible that
increased ROS may deactivate Trx1 activity while simultaneously promoting disulfide-
bond dependent MLKL polymerization. Such an acute increase in ROS would most
likely affect the glutathione system; however, given that Trx1 is an enzyme with a
specific cohort of target proteins, deactivation of Trx1 would have increasingly higher
consequences than those caused by perturbations to GSH. This is bolstered by the
finding that MLKL is a substrate of Trx1 which preferentially interacts with monomeric
MLKL suggesting that active MLKL polymers have a lower affinity for Trx1 binding, and
thus lead to Trx1-MLKL dissociation as illustrated in Figure 1.1B. To better understand
this phenomenon, further analysis is required to determine the precise conformational

changes in MLKL that affect Trx1 binding.
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Overall, these findings provide a deeper understanding of the regulatory networks that
control MLKL activation. This is the first line of evidence to implicate Txrl as a binding
partner and suppressor of MLKL. Future studies will be directed towards in vivo
validation of Trx1-MLKL interaction, and whether Trx1 inhibition induces necroptosis in
tissues. Reports linking Trx1-inhibition to apoptosis in cells is well established; however,
our results expand cell death outcomes induced by Trx1 inhibition to necroptosis.
Furthermore, the notion that inhibition of Trx1 with PX-12 sensitizes cells to necroptosis
could have significant implication in cancer therapy. PX-12 has been employed in
cancer clinical trials without obvious efficacy [54]. However, our data suggest that PX-
12-induced necroptosis depends on elevated levels of MLKL expression. Thus, tumors

with high MLKL levels may potentially have increased sensitivity to PX-12 treatment.

Despite the advances in our understanding of necroptosis, many critical questions still
remain such as 1) Is Trx1 activity suppressed in tissues marked by necroptosis? 2)
Which specific ROS species and/or source of ROS is responsible for the inhibitory effect
of Trxl on MLKL? 3) Do other components of the Trx1 system such as TrxR1, or
mitochondrial Trx2 or TrxR2 affect necroptotic outcomes? 4) Are other factors involved
in executing necroptosis downstream of MLKL? 5) Which organelles are specifically
targeted by MLKL to propagate necroptosis? In Chapter 3, we explored the possibility of
lysosomes as being the targeted organelle. We detected lysosomal membrane rupture
in HT-29 cells after TSZ treatment. Moreover, a cathepsin-B inhibitor, CA-074Me,

partially protected cells from necroptosis, suggesting that lysosomal hydrolytic enzymes
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play a role in executing cell death. However, our pursuit of establishing an in vitro
MLKL-mediated lysosomal leakage assay was unsuccessful as we were unable to
detect cathepsin leakage in a signal-dependent manner. Although our approach initially
failed, we cannot rule out lysosomal leakage as a critical step in the necroptotic
pathway. An alternative strategy for determining whether lysosomes are involved could
be to perform a siRNA or CRISPR screen against known lysosomal enzymes and
measuring the effect on necroptotic cell death. Moreover, evaluating the potential co-
localization of MLKL on lysosomes by immunostaining would also be informative. In
reflection upon this work, performing these experiments may yield to more conclusive

results.

The goal of my thesis work was to further understand the mechanistic details that
control necroptosis. Overall, this work has provided new insights into the regulation of
MLKL activity and the subsequent effects on necroptosis. Our experiments have
uncovered Trx1l as a negative regulator of MLKL polymerization and suppressor of
necroptosis in our in vitro system. This research has created a foundation for future

studies into the role of Trx1 in necroptosis.
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Materials and Methods

Reagents

Recombinant human TNFa, Smac-mimetic and anti-human RIPK3 antibody were
prepared as previously described (He et al.,, 2009). The following reagents and
antibodies were used: z-VAD-fmk (ApexBio), CA-074me (Calbiochem), Necrostatin-1
(Calbiochem), Necrosulfonamide (Millipore), Dimerizer (Clontech, 635058), Anti-Flag
M2 antibody and affinity gel (Sigma), Anti-human MLKL (Genetex, GTX107538), Anti-
mouse MLKL (Aviva Systems Biology, OAAB10571), Anti-phospho-MLKL S358
(Abcam, ab187091), Anti-RIPK1 (BD, 551042), Anti-LDH (Abcam, ab53292). Reagent
concentrations for T/S/Z-induced necroptosis: 2ng/ml TNF, 10nM Smac-mimetic, and
20puM z-VAD-FMK. Concentrations for Dimerizer-induced necroptosis: 20nM Dimerizer
and 20 pM z-VAD-FMK. Compound concentrations: 10uM Necrostatin-1, 5uM
Necrosulfonamide, 1ImM CA-074me. Cells were generally treated for 16 hours prior to

cell death analysis.

Cell Culture and Stable Cell Lines

HT-29 and Hela cells were cultured in DMEM (high glucose) supplemented with 10%
fetal bovine serum and 1% Penicillin/Streptomycin. All HelLa stable lines were
generated in previously reported HelLa-TetR cells which express Tet repressor (TetR)
[1]. (1) MLKL KO HelLa line. MLKL KO cells were established in a HelLa-TetR

background according to the protocol described in Cong et al., 2013 [2]. Briefly, oligo
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targeting human MLKL with the sequence GCTGCCCTGGAGGAGGCTAATGG was
cloned into the gRNA vector. gRNA vector was co-transfected with a Cas9 expressing
vector in HelLa-TetR cells. MLKL knockout was confirmed by Western blotting and
sequencing. (2) NTD-DmrB-FLAG cells. NTD-DmrB contains amino acids 1-190 of
human MLKL fused to a DmrB domain with a C-terminal 3XFlag. NTD-DmrB is driven
by a doxycycline inducible promoter. This construct was stably expressed in the MLKL
knockout HeLa cells. (3) GFP-RIPK3: MLKL-HA-FLAG line. Doxycycline-inducible GFP-
RIPK3 and MLKL-HA-3XFlag were stably expressed in the MLKL knockout HelLa cells.
Protein expression was achieved through the addition of 50ng/mL doxycycline for 24

hours.

Mass spectrometric analysis

Mass spectrometric analysis was performed as previously described [1]. Briefly, protein
band was excised, de-stained, and reduced followed by in gel trypsin digestion. The
peptides were extracted and analyzed by a QSTAR XL mass spectrometer (AB Sciex,

CA, USA).

Plasmid DNA Transfection

Cells were seeded in 10 cm dishes with complete media at a final confluency of ~60-
70% 24 hours before performing the transfection. Plasmid DNA and Polyjet In Vitro
Transfection Reagent (SignaGen Laboratories) were incubated in Dulbecco’s Modified

Eagle’s Medium (DMEM) at a ratio of 3:1 as recommended in the manufacturer’s
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protocol. Culture media was replaced with fresh complete media the following day. Cells

were harvested 72 hours post-transfection.

Protein Extraction and Western blotting

Cells were scraped and washed in ice-cold PBS prior to lysing them in Protein
Extraction Buffer (PEB) comprised of 20mM Tris pH7.4, 150mM NaCl, 0.5% Triton X-
100, 10% glycerol, and freshly added protease and phosphatase inhibitors. Cells were
rotated at 4°C for 15 minutes before being centrifuged at 20,000xg for 20 minutes to
clear out insoluble debris. Protein concentrations were determined by Coomassie Plus
Protein Assay Reagent (Thermo Scientific). Samples were boiled in 5X SDS sample
buffer (250mM Tris pH6.8, 5% beta-mercaptoethanol, 0.02% bromophenol Blue, 30%
glycerol, 10% SDS) for 5 minutes, resolved by SDS-PAGE, and transferred onto PVDF
membranes (Bio-Rad). Membranes were incubated in 5% Blotting-Grade Blocker (Bio-
Rad) reconstituted in phosphate buffered saline (PBS) solution with 0.1% Tween-20
(PBS-T). Primary and secondary HRP antibodies were also diluted in 5% PBS-T milk

solution.

Immunoprecipitation assay

Protein samples were diluted to a final concentration of 1mg/mL in 1mL of PEB
containing freshly added protease and phosphate inhibitors. Samples were incubated
with 10uL FLAG(M2)-agarose beads (Sigma-Aldrich), and rotated overnight at 4°C. M2-

beads were washed with 1mL ice-cold extraction buffer 3 times, and directly boiled in
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1X SDS sample buffer. Isolated protein complexes were resolved by SDS-PAGE
Western blotting. Silver staining was performed using ProteoSilver Plus Silver Stain kit

(Sigma Aldrich).

Cell Survival Assay

Cell survival was measured using CellTiter-Glo Luminescent Cell Viability Assay
according to the manufacturer’s protocol (Promega). Cells were seeded at 1x103
cells/well in white flat-bottom 96-well plates (Corning) 24 hours prior to treatment.

Luminescence was measured using a BioTek Synergy 2 plate reader.

Semi-Denaturing Detergent Agarose Gel Electrophoresis (SDD-AGE)

SDD-AGE gels were made using TAE buffer (40mM Tris pH8.6, 20mM acetate, 1mM
EDTA) containing 1% agarose (Denville Scientific Inc.) and 0.1% SDS (Bio-Rad).
Protein samples were mixed with 4X sample buffer (2X TAE buffer, 20% glycerol, 8%
SDS) at room temperature, and run at a constant 60V for 5 hours in TAE buffer
containing 0.1% SDS. Proteins were transferred onto PVDF membranes by capillary
action using TBS buffer (20mM Tris pH7.4, 150mM NacCl). Membranes were treated in

accordance with the Western blotting procedure.

Protein Purification
Recombinant proteins were purified from Rosetta DE3 bacterial cells grown in LB media

(0.5L culture volume). Cultures were grown to an O.D.600 of 0.6 at 37°C prior to IPTG
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induction (0.1mM IPTG final concentration). Cultures were shifted to a temperature of
18°C, and allowed to grow for 16 hours. The bacteria were pelleted by centrifugation at
3,000xg for 10 minutes, washed once in ice-cold PBS and re-pelleted before being
resuspended in 40mL binding buffer. For HA-Trx1-6xHis, binding buffer contained
20mM Tris pH8.0, 150mM NacCl, 0.1% Triton X-100, 10% glycerol, 20mM imidazole,
10mM beta-mercaptoethanol, 1mM PMSF, EDTA-free protease inhibitor cocktail. Cells
were lysed by sonication pulsing 15 times for 30 seconds each time. Lysates were
centrifuged at 10,000xg for 20 minutes and filtered before incubation with 100uL Ni-NTA
agarose beads (Qiagen). Binding was performed at 4°C for 30 minutes. Nickel beads
were washed 3 times in binding buffer lacking beta-mercaptoethanol. To elute HA-Trx1-
6xHis, 250mM imidazole was added to the binding buffer. 100uL fractions were

collected, and dialyzed against PBS.

For recombinant GST-NTD-FLAG, 100uL Glutathione agarose beads (Pierce) were
used following the previously stated procedure with binding buffer containing 20mM Tris
pH7.4, 150mM NacCl, 0.1% Triton X-100, 10% glycerol, 5mM DTT, 1mM PMSF, EDTA-
free protease inhibitor cocktail. GST-NTD-FLAG was eluted in 100uL fractions with
binding buffer containing 10mM reduced L-glutathione at pH8.0. Positive GST-NTD-

FLAG fractions were consolidated and dialyzed against PBS.

Cell staining

HeLa NTD-DmrB and GFP-RIPK3: MLKL-HA-FLAG cells were seeded at 1x10°
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cells/well in a 12-well plate (Cellstar). Sytox Green and Hoechst dyes were added
directly to culture media at 1 pM and incubated for 10 minutes prior to imaging. A

BioTek Cytation 3 plate reader was used to capture images at 40X magnification.

In vitro GST-NTD-FLAG polymerization assay

Recombinant GST-NTD-FLAG was used at a final concentration of 5 pM in 20uL of
PBS. To induce polymerization, samples were incubated at 37°C for 16 hours. 50 ng of
GST-NTD-FLAG was used for anti-FLAG SDD-AGE immunoblotting. HA-Trx1-6xHis
was used at a final concentration of 3 uM, 10 pM, and 30 uM. 1mM DTT was used as a

positive control.

Trx1 shRNA knockdown

Trxl shRNA lentivirus was produced by transfecting HEK293T cells with pTY-
Trx1shRNA-EFla-HygromycinB-2A-IRES-GFP-3XFLAG (ADDGENE), pMD2.G, and
psPAX2 vectors in a 10cm plate. The Trx1 shRNA sense strand primer sequence is as
following:
GATCCCCGTGTGAAGTCAAATGCATGTTCAAGAGACATGCATTTGACTTCACACTT
TTTA. The Trx1 anti-sense strand is:
AGCTTAAAAAGTGTGAAGTCAAATGCATGTCTCTTGAACATGCATTTGACTTCACAC
GGG. Lentiviral media was collected at 48 hours and 72 hours post-transfection, filtered
through a 0.45 pm sterile filter, and stored at -80°C. Lentiviral transduction of GFP-

RIPK3: MLKL-HA-FLAG cells was performed by seeding cells at 1x10° cells/well in a 6-
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well plate. Cells were provided with 1 mL complete media with 1 mL of lentiviral media
supplemented with 5 pg/mL polybrene. The following day, cells were trypsinized and
seeded at 1x10° cells/well in a 6-well plate with media containing 0.2 pg/mL Hygromycin
B. Surviving cells were thereafter expanded, and utilized for downstream experiments

after validating Trx1 knockdown.

In vitro NTD-DmrB oligomerization assay

Cytosolic S100 extracts were prepared form NTD-DmrB-FLAG expressing cells using
the protocol described in the CatL-FLAG lysosome leakage section. To induce DmrB-
mediated NTD polymerization, S100 extracts were spiked with 10nM Dimerizer followed
by a 3-hour incubation at 30°C. Samples were then mixed with sample buffer, and
subjected to Blue-Native PAGE (BN-PAGE) anti-FLAG Western blotting. Proteins were
resolved on a 4-12% BN-PAGE gradient gel. All buffer and reagents used were
prepared in accordance with the Blue-Native-PAGE protocol described in Fiala et al,

2011 [3].

Cathepsin L-FLAG lysosome leakage assay

Assay substrate: Crude membrane fraction (P20) prepared from Hela cells stably
expressing a FLAG-tagged cathepsin-L transgene (CatL-FLAG). Cells harvested from a
confluent 10cm plate were resuspended in ice-cold hypotonic buffer (20mM Tris Ph7.4,
10mM MgClz, 250mM sucrose, 1ImM EDTA) for 30 minutes on ice. Cells lysis was

performed by passing cells through a 22G needle 20 times. Lysates were subjected to a
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5-minute 500xg centrifugation step to clear out unbroken cells. The supernatant
containing the lysosomal fraction were then re-spun at 20,000xg for 30 minutes. The
supernatant was removed, and the remaining P20 fraction was washed 3 times before
being resuspended in ice-cold isotonic buffer (20mM Tris Ph7.4, 150mM NaCl, 250mM
sucrose, 1mM EDTA). P20 fractions were uses immediately after the final resuspension
step.

Active/Experimental fraction: Cytosolic fraction (S100) from HT-29 cells. Cells were
resuspended and lysed in ice-cold hypotonic buffer as described above. Lysates were
centrifuged at 100,000xg for 30 minutes, and the supernatant was taken for use in the
assay.

Assay setup: 5ug of the CatL-FLAG P20 fraction was mixed with 50ug of S100 fraction
in a final volume of 20pL. Samples were incubated at 30°C for 3 hours to allow for
lysosome membrane breakdown. CatL-FLAG release was monitored by subjecting the

soluble fraction to SDS-PAGE Western blotting probed against the FLAG epitope.
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