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Abstract

Non-alcoholic fatty liver disease (NAFLD) is now the most common liver
disorder in Western countries. NAFLD is characterized by hepatic steatosis, or an
intracellular accumulation of lipids in hepatocytes. An excess of intracellular lipids can
cause toxicity, leading to hepatocyte cell death and progression of NAFLD to non-
alcoholic steatohepatitis (NASH). NASH is very severe and is additionally characterized
by inflammation and fibrosis, leading to liver failure. In order to develop appropriate
strategies to prevent the progression from NAFLD to NASH, it is essential to define the
molecular mechanisms leading to hepatocyte cell death that promote this transition.

Since caspase-2 has been reported to respond to different types of intracellular
metabolic stress to promote apoptosis, we investigated whether this enzyme promotes
lipid-induced apoptosis, or lipoapoptosis, in tissue culture cells. We discovered that the
enzymatic activity of caspase-2 is activated by saturated free fatty acids, and that
expression of caspase-2 is necessary for lipoapoptosis in multiple hepatocyte cell lines.
We also explored the role of caspase-2 in lipoapoptosis in vivo using a mouse model of
NASH and patient biopsies. We found caspase-2 expression increases in the liver of both
patients with NASH and in mice fed a methionine choline-deficient (MCD) diet, a model
for NASH. In addition, we fed WT and caspase-2 knockout mice the MCD diet and

observed a decrease in both apoptotic and fibrotic markers in caspase-2 knockout mice,
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indicating caspase-2 promotes lipoapoptosis in vivo. Finally, we investigated the
molecular mechanism of lipotoxicity-induced caspase-2 activation, and identified a
novel caspase-2 binding protein, TRAF3. TRAF3 knockdown was also able to reduce
lipoapoptosis in cultured hepatocytes. Reducing the binding between these two
proteins decreased the pro-apoptotic activity of caspase-2. In conclusion, we identified
caspase-2 as a key protein in the regulation of lipoapoptosis both in vitro and in vivo, and
discovered a novel regulator of caspase-2 activity. This work furthers our knowledge on
the mechanisms leading to NAFLD progression, and may inform future studies in the

development of treatment options to limit this progression.
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1. Introduction

1.1 Introduction to Apoptosis

Apoptosis is a tightly controlled form of cell death that removes unnecessary or
damaged cells for the benefit of an organism. The concept of physiological cell death
was first described in 1842 by Carl Vogt, who recognized that cells die during the
development of the midwife toad, Alytes obstetricians (1). This observation has formed
the foundation of many studies in the decades following, including those of pathologists
Kerr, Wyllie, and Currie, who coined the phrase “apoptosis,” or programmed cell death,
in their seminal 1972 article in the British Journal of Cancer. Apoptosis is now
recognized to be critical for both organogenesis during embryonic development and for
tissue homeostasis in adult organisms.

During development, apoptosis is essential: in addition to the classic example of
inter-digital cell apoptosis to promote morphogenesis, both the neural system and the
immune system utilize apoptosis for proper tissue patterning and maintenance. In
nervous system development, it is estimated that at least half of the cell population
undergoes apoptosis for synaptic connection optimization and pattern formation (2,3).
Neuron survival depends on proper connections to a post-synaptic target and is
regulated by trophic factors secreted from pre-synaptic cells, post-synaptic cells, and
glial cells. The immune system relies on apoptosis to eliminate lymphocytes that do not

express appropriate membrane receptors (4). In addition, a process called negative



selection occurs when lymphocytes with antigen receptors that interact too strongly
with self-antigens are eliminated through apoptosis to prevent autoimmune responses.
Failure to undergo apoptosis during development can be lethal; knockout mouse studies
of key apoptotic regulators demonstrate severe neural malformations,
immunodeficiency, and autoimmunity.

In addition to embryogenesis and development, apoptosis plays critical roles
throughout the lifespan of an organism. Apoptosis is imperative in order for the
immune system to fight off infection and heal wounds. As a part of the innate immune
response, infected cells may undergo apoptosis and become phagocytosed by dendritic
cells. The dendritic cell is then able to process and present the antigen on its cell surface,
promoting adaptive immune responses (5). In wound healing, once a tissue is
sufficiently repaired, the involved repair cells are thought to undergo apoptosis since
they are no longer needed. Inflammatory cells can undergo apoptosis as early as 12
hours after wounding (6), while collagen-secreting fibroblasts undergo apoptosis
coincident with wound closure (7).

In stark contrast with the “physiological apoptosis”, described above, apoptosis
can be dysregulated, contributing to a wide array of disease states. This “pathological
apoptosis” can include both impairments in executing apoptosis, as in cancer and
autoimmune diseases, or excessive apoptosis, such as in neurodegenerative conditions,

immunodeficiency, infertility, and metabolic syndrome. For example, cancerous tumors



arise when abnormal cells grow out of control and are unable to respond to normal
signals instructing them to die. On the other hand, unwanted cell death occurs in the
liver in those with metabolic syndrome because of exposure to an excess of toxic
metabolites. In order to understand what leads to dysregulation of apoptosis, and how
we might be able to manipulate these situations to improve health, it is first imperative

to understand the main contributors to properly regulated apoptosis signaling.

1.1.1 Caspases

The key regulators of apoptosis are the caspase family of proteolytic enzymes.
The name caspase is derived from “cysteine-dependent aspartate-directed proteases,”
meaning that each caspase has a cysteine residue in its active site and cleaves a target
protein after an aspartate residue (8). Caspases have both unique and overlapping
consensus sequences in target proteins, and these are usually between 4-5 amino acids
long (9).

Caspases exist as zymogens, or procaspases, during steady state conditions. Once
exposed to an apoptotic or inflammatory stimulus, caspases can be cleaved and
activated to participate in a cleavage cascade designed to disassemble the cell or mount
in inflammatory response (Figure 1.1). Caspase proteins contain p20 subunits containing
the active site, p10 subunits, and some also contain prodomains. Over 1000 caspase

substrates have been identified to date (10).



Inactive Pro-caspase

C N | )
* D

Pro-caspase dimerization

——

Autocatalytic

)
)
processing E—

Cleavage of protein
substrates, activation
of other pro-caspases

: & Active Caspase
Discarded

prodomains

Figure 1.1: Model of Caspase Activation

Inactive caspase proteins first form homodimers, then undergo autocatalytic processing
to remove the prodomains and form the active heterodimer complex. The active caspase
complex can then cleave other substrates, which can include other pro-caspases.



The caspase family can be divided and subdivided into many categories, based
on both structure and function, although there is still not a consensus on the roles of
every member. The major division is between apoptotic and inflammatory caspases
(Table 1), although some caspases appear to participate in both processes. Caspases can
also be divided into two groups based on the size of their prodomains: initiators
(caspase-1, -2, -4, -5, -8, -9, -10, -15) and executioners/effectors (caspase-3, -6, -7). Initiator
caspases have longer prodomains that contain motifs for protein-protein interactions
with adaptor molecules: either a caspase recruitment domain (CARD) or a death effector
domain (DED) (11). Initiator caspases have fewer substrates; the major targets are
effector caspases. The effector caspases have shorter prodomains that are cleaved by
initiators before cleaving a wide variety of substrates, including structural proteins,
signaling proteins, and regulators of transcription/translation.

In addition, apoptotic caspases can be differentiated based on whether or not
they are activated prior to mitochondrial outer membrane permeabilization (MOMP)

during intrinsic apoptosis, discussed below.

1.1.2 Intrinsic Pathway of Apoptosis

The intrinsic or mitochondrial pathway of apoptosis is activated in response to
intracellular stress stimuli such as DNA damage, endoplasmic reticulum (ER) stress, or
metabolic stress. The pivotal process in the intrinsic pathway is MOMP, which results in

a dissipation of the mitochondrial membrane potential and releases mitochondrial
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Table 1: Classification of Caspases

Caspase Role Initiator/Executioner?
Caspase-1 | Inflammatory Response Initiator
Caspase-2 Apoptosis Initiator
Caspase-3 Apoptosis Executioner
Caspase-4 | Inflammatory Response Initiator
Caspase-5 | Inflammatory Response Initiator
Caspase-6 Apoptosis Executioner
Caspase-7 Apoptosis Executioner
Caspase-8 Apoptosis Initiator
Caspase-9 Apoptosis Initiator
Caspase-10 Apoptosis Initiator
Caspase-15 Apoptosis Initiator




proteins into the cytosol (e.g., cytochrome ¢, second mitochondria-derived activator of
caspase (Smac/DIABLO), Omi/HTRA2, apoptosis inducing factor (AIF)) (12). MOMP is
often considered the “point of no return” in the intrinsic pathway of apoptosis because it
both releases proteins that activate caspases (both directly and indirectly) and ablates
mitochondrial function that is essential for cell survival. Figure 1.2 shows a simplified
summary of this cascade.

The Bcl-2 family proteins are the major regulators of MOMP; the family contains
both pro-apoptotic and anti-apoptotic proteins, with the former subdivided into either
effector proteins or BH3 only proteins (13). Pro-apoptotic effectors (Bax and Bak)
promote MOMP directly, while pro-apoptotic BH3 only “sensitizers” (PUMA, Noxa,
and BAD) bind and inhibit the anti-apoptotic BCL-2 family members. In addition, there
are pro-apoptotic proteins with dual functions: Bim and truncated Bid (tBid) can both
inhibit the anti-apoptotic members and activate the effectors Bax and Bak, making them
powerful regulatory nodes. Bid truncation is the result of cleavage by either caspase-2 or
caspase-8, the two caspases that can work upstream of MOMP. The anti-apoptotic Bcl-2
family proteins include Bcl-2, Bcl-xt, and Mcl-1; these proteins preserve mitochondrial
integrity by inhibiting the pro-apoptotic proteins.

The release of cytochrome c is one of the key events for downstream caspase
activation in the intrinsic pathway: it leads to formation of the apoptosome, which

functions to activate caspase-9. The apoptosome is a heptameric holoenzyme complex
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Figure 1.2: Intrinsic Pathway of Apoptosis

Initiator caspases (caspase-2,-8) cleave the Bcl-2 family protein Bid to form truncated Bid
(tBid). tBid then promotes activation of other Bcl-2 family proteins such as Bax, leading
to MOMP. Release of cytochrome c from the mitochondria promotes formation of the
apoptosome and caspase-9 activation. Caspsase-9 then promotes executioner caspase
(caspase-3,7) activation, resulting in cell death.



consisting of: cytochrome ¢, a cytosolic protein called apoptotic protease activating
factor 1 (Apaf-1), the nucleotide dADP/ADP, and procaspase-9. Binding of cytochrome ¢
to Apaf-1 promotes the hydrolysis of its bound dATP/ATP, leading to a conformational
change that exposes its CARD domain. The CARD domain can then bind to the same
domain in procaspase-9. Cleavage of the prodomain of caspase-9 is not required for
activation; apoptosome formation is thought to activate caspase-9 by either changing its
conformation or increasing the local concentration of caspase-9 to promote dimerization
(the induced proximity model) (14). The prodomain of caspase-9 can be cleaved, but this
process is thought to function as negative feedback to limit caspase-9 activity either by
weakening binding to Apaf-1 or exposing binding sites for the anti-apoptotic protein X-
linked inhibitor of apoptosis protein (XIAP), a member of the inhibitor of apoptosis
(IAP) family, discussed below. Active procaspase-9 can activate effector caspases -3 and
-7 to promote dismantling of the cell.

The other proteins released from the mitochondria following MOMP function to
promote apoptosis by blocking caspase inhibitors. One such protein, Smac, is a nuclear
encoded protein with a mitochondrial import signal on its N-terminus. When imported
into the mitochondria, this localization signal is cleaved to expose its IAP-binding motif.
Following MOMP, Smac can then bind cytosolic IAPs, which results in a release of

caspase inhibition (15). The IAPs are a family of structurally and functionally related



proteins with 8 members; each member contains 1-3 baculoviral IAP repeat (BIR)
domains. The best characterized members, XIAP, cellular IAP 1 (cIAP1), and cellular IAP
2 (cIAP2) have been demonstrated to bind and inhibit caspases -3, -7, and -9 (16).
HTRA2/Omi functions similarly to Smac and can bind and inhibit XIAP, cIAP1, and
cIAP2 (17).

Caspase-3 is considered the key effector caspase and can be activated by any of
the apoptotic initiator caspases. Caspase-3 promotes chromatin condensation and DNA
fragmentation by cleaving the endonuclease/inhibitor complex, Inhibitor of Caspase-
Activated DNase (ICAD)/Caspase-Activated DNase (CAD), releasing CAD (18). CAD is
then free to cleave DNA. Caspase-3 also promotes cytoskeletal reorganization by
cleaving the actin-binding protein, gelsolin. Gelsolin cleavage promotes many of the
morphological changes seen in apoptosis, including cell rounding, membrane blebbing,
and nuclear fragmentation (19).

Effector caspase activation has long been charged with promoting plasma
membrane phospholipid redistribution (20). The plasma membrane has an asymmetric
phospholipid composition: the outer leaflet contains 60 to 70% of cellular
phosphatidylcholine and sphingomyelin, while phosphatidylserine and
phosphatidylethanolamine are exclusively found in the inner leaflet (21). During
apoptosis, phosphatidylserine is transferred to the outer leaflet to serve as an “eat me”

signal to promote phagocytosis (22). Externalized phosphatidylserine is often assayed as
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a readout of apoptosis using a phosphatidylserine-binding protein, Annexin V,
conjugated to a fluorophore. The transfer of phospholipids between membrane leaflets is
executed by scramblase enzymes, including the recently identified XK related protein 8
(XKr8) (21). XKr8 is activated directly by caspase cleavage to promote

phosphatidylserine externalization and phagocytosis.

1.1.3 Extrinsic Pathway of Apoptosis

Cells also initiate apoptosis in response to external stimuli, a process referred to
as extrinsic apoptosis. This pathway begins when cells sense extracellular molecular
signals in the microenvironment. The signal from these molecules, or ligands, is
mediated through protein receptors in the plasma membrane called death receptors.
Death receptors are members of the tumor necrosis factor (TNF) receptor superfamily of
proteins. This family contains over 25 receptors that respond to ligands to promote a
diverse set of outcomes: death, survival, immune regulation, or differentiation (15,23).
The most well studied receptors include TNF receptor 1 (TNFR-1, also referred to as
DR1), CD95 (also referred to as APO-1, Fas, or DR2), TNF-related apoptosis-inducing
ligand-receptor 1 (TRAIL-R1, also referred to as DR4), and TNF-related apoptosis-
inducing ligand-receptor 2 (TRAIL-R2, also referred to as DR5). Each of these four
receptors contains an intracellular protein-binding domain called a death domain (DD).

There are 19 ligands that can bind to the different TNF family receptors, including TNF
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alpha, TNF beta, TRAIL (also called Apo2-L), TNF-like ligand 1A and CD95-ligand (also
called Fas-L), among others (23).

The expression of death receptors varies between different cell types and tissues.
Those with a DD are expressed most widely; TNFR-1, TRAIL-R1, and TRAIL-R2 are
expressed in most cell types. However, DD-containing CD95 expression is more
heterogeneous and it is only expressed in epithelial cells, hepatocytes, and lymphocytes
(23). Similarly, TNF receptor-2 (TNFR-2) is only expressed in immune system, nervous
system, and endothelial cells.

When DD-containing receptors are stimulated, caspase-8 is recruited to the
plasma membrane and binds the receptor’s DD through its death effector domain
(DED). Adaptor proteins Fas-associated death domain (FADD) and TNFR-associated
death domain (TRADD) are also recruited to form the death-inducing signaling complex
(DISC) with caspase-8 and the death receptor (24). DISC recruitment promotes
dimerization and activation of caspase-8, which then leads to distinct outcomes
depending on whether a cell is classified as a type I cell or a type II cell. In type I cells,
caspase-8 activation promotes direct activation of effector caspases, while in type II cells
caspase-8 promotes the intrinsic mitochondrial pathway through cleavage of Bid to tBid.
One difference between type I and II cells is that they contain different levels of caspase
inhibiting IAP proteins (25); type II cells need IAP antagonists (Smac, HTRA2) released

from the mitochondria to overcome IAP signaling and strengthen the pro-apoptotic
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cascade. Lymphocytes are an example of type I cells, while hepatocytes and pancreatic

beta cells are type II cells.

1.2 Caspase-2

Caspase-2 was first identified in 1992 by Kumar et al. who noted its high
expression in embryonic brain and subsequent down regulation in the adult brain (26).
This was quickly followed by the observation that the gene for caspase-2 is similar to the
C. elegans cell death gene CED-3 and the mammalian interleukin-1 beta converting
enzyme, both of which encode cysteine proteases that induce apoptosis upon
overexpression in cultured cells (27). Experimental evidence of the apoptotic function of
Caspase-2 includes overexpression, which promotes apoptosis (28) and antisense mRNA
to caspase-2, which inhibits apoptosis (29). Despite the enormous progress over the last
two decades, the cellular role and regulation of this protease still remain somewhat

mysterious.

1.2.1 Caspase-2 knockout mouse studies

A study of the first caspase-2 knockout mouse provided insight into the
physiological role of this protease (30). This work demonstrated that caspase-2 promotes
apoptosis both during development and in response to acute stress. The cell type most
affected by loss of caspase-2 expression during development is female germ cells. In
mammalian fetal development, females typically lose 50-67% of ovarian germ cells
during the late fetal stages and up to three days postpartum. Following this pruning
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period, germ cells are surrounded by granulosa cells to form primary follicles. This
study demonstrated that caspase-2 null mice contain significantly more follicles at four
days postpartum compared to wild-type (WT) mice, indicating that caspase-2 null mice
are unable to eliminate excess germ cells during development. In addition, isolated
primary caspase-2 null germ cells are also resistant to acute stress-induced apoptosis
from chemotherapy. Chemotherapies are cytotoxic chemical compounds that kill rapidly
dividing cells, such as tumor cells. In this study, while WT oocytes underwent extensive
apoptosis following treatment with therapeutic levels of the chemotherapeutic drug
doxorubicin, a DNA intercalating agent, caspase-2 null cells survived this chemotherapy
treatment.

Further insight into the physiological role of caspase-2 was developed by
studying the aging and lifespan of caspase-2-deficient mice. Caspase-2 knockout mice
have a 10% shorter lifespan compared to WT mice, although interestingly, the knockouts
have a lower tumor incidence and burden (31). However, the aged knockout mice
exhibited lower body weight, increased bone loss, and an increase in cysteine oxidation
in the liver. The activity of two enzymes involved in protecting against oxidative stress,
glutathione peroxidase and superoxide dismutase, were lower in aged knockout mice
basally, in response to an ethanol-based diet (32), and in response to paraquat, an

herbicide that promotes superoxide formation (33).
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Although tumor incidence and burden is reduced in aged caspase-2-deficient
mice, removing caspase-2 expression in combination with other tumorigenic stresses can
further promote tumor formation and growth. For example, caspase-2-deficient mouse
embryonic fibroblast cells (MEFs) transformed with the oncogenes E1A and Ras are
highly tumorigenic compared to WT transformed cells when injected into nude mice
(34). These transformed knockout MEFs are also less sensitive to cytotoxic drugs and
radiation. In addition, caspase-2 deficiency can accelerate tumor formation in the Eu-
Myc mouse model of lymphoma. In this model, the Myc oncogene is expressed in the B
cell lineage. Similar to the oncogene-driven lymphoma model, caspase-2 deficiency can
also accelerate tumorigenesis in the MMTV/c-neu mammary carcinogenesis mouse
model (35). Interestingly, cells from the knockout tumors were frequently
multinucleated and underwent abnormal mitoses, leading to the hypothesis that
caspase-2 may be involved in the regulation of genome stability and cell division.
Further support for this idea was established in a study of caspase-2 deficiency
combined with ATM deficiency (36). These double knockout mice displayed increased
lymphomagenesis and increased tumor progression, while the tumor cells exhibited
increased aneuploidy and oxidative stress.

In contrast, a recent study demonstrated that caspase-2 deficiency in a
neuroblastoma oncogene-driven mouse model actually delays tumorigenesis and

displays less vascularized tumors (37). Intriguingly, this study also utilized a Myc-

15



driven tumorigenesis model: in the TH-MYCN neuroblastoma model, Myc is expressed
under the TH promoter active in migrating cells of the neural crest during early
development. Expression is later detected mainly in the adrenal gland, with marginal
expression in the brain, heart, testes, and spleen. These studies demonstrate that
caspase-2 affects tumorigenesis in a very context-specific manner; the cell type, presence
of an oncogene, or absence of a tumor suppressor gene can all contribute to the

consequence of caspase-2 deletion in a given model.

1.2.2 Caspase-2 Activation Stimuli

As demonstrated by the mild phenotype of the caspase-2 knockout mouse, the
pro-apoptotic activity of caspase-2 is limited under homeostatic conditions. Instead,
caspase-2 promotes apoptosis in response to multiple types of intracellular stress, and
perhaps by certain types of extracellular stress as well. Some debate exists on whether
caspase-2 acts as an initiator caspase, activated by oligomerization upstream of the
mitochondria, or as an executioner caspase, activated by cleavage by another caspase
either irrespective or downstream of MOMP. Much of this ambiguity can be attributed
to the limited methods available to assess the timing of caspase-2 activity. However, it is
generally accepted that caspase-2 acts as an initiator caspase in response to many
intracellular stimuli such as DNA damage, cytoskeletal disruption, and endoplasmic

reticulum and metabolic stress, discussed below.
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1.2.2.1 DNA damage

Because many chemotherapeutic agents induce DNA damage to cause apoptosis,
the activation of caspase-2 has been most studied in the context of DNA damage. For
example, caspase-2 dimerization (38) and activation (39) have been demonstrated in
response to the drug etoposide using bimolecular fluorescence complementation and an
enzymatic substrate cleavage assay, respectively. Additionally, siRNA-mediated
caspase-2 knockdown has been shown to protect against etoposide-induced apoptosis
(40), demonstrating that caspase-2 is necessary for promoting the resulting death signal.
Caspase-2 knockdown also protects cell viability against other DNA damage inducers
such as cisplatin (41,42), 5-FU (43), and daunorubicin (44), while caspase-2 deficient

oocytes are resistant to doxorubicin (30).

1.2.2.2 Cytoskeletal disruptors

Another common chemotherapeutic mechanism is disruption of cytoskeletal
dynamics, either by stabilizing microtubules or inhibiting microtubule formation. Either
way, the inability to regulate microtubule dynamics disrupts mitotic spindle formation
and chromosome segregation, impairing cell proliferation and promoting apoptotic cell
death. Caspase-2 deficient MEFs are resistant to cell death from many cytoskeletal
disruptors, including zoledronic acid, vincristine, paclitaxel, and cytochalasin D (45).
Caspase-2 dimerization is also promoted by both vincristine and cytochalasin D in HeLa

cells (38).

17



1.2.2.3 Endoplasmic reticulum stress

Endoplasmic reticulum (ER) stress occurs when normal ER function is
interrupted in a variety of ways. This stress promotes apoptosis in many pathological
conditions, including neurodegenerative diseases and metabolic disorders. Under
normal conditions in the ER, proteins undergo N-linked glycosylation, which adds
oligosaccharides to the nitrogen atoms of proteins, typically on the amino acid
asparagine. This process is important for protein folding and cell adhesion. N-linked
glycosylation can be inhibited by a drug called tunicamycin, leading to ER stress. Also
important for ER function is transport from the ER to the Golgi apparatus, which can be
interrupted by the drug brefeldin A. Knockdown of caspase-2 can protect cells from ER
stress induced by these agents (46). Thus, interruption of caspase-2 function or targeting
of regulatory elements upstream or downstream of caspase-2 may be a promising

strategy for many conditions associated with ER stress-induced apoptosis.

1.2.2.4 Metabolic stress

Metabolic stress can refer to either nutrient depletion or an excess of nutrients; in
either case, the deviation from homeostatic conditions can be lethal for a cell. This fact is
commonly exploited in cancer research since tumor cells need ample amounts of
nutrients to survive and proliferate. For example, preventing the synthesis of fatty acids
through inhibition of the enzyme Fatty Acid Synthase (FASN) can promote apoptosis in

a variety of tumor cell types. As in other mechanisms of apoptosis, caspase-2 has been
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shown to be involved in mediating metabolic stress-induced cell death. In ovarian
cancer cells, caspase-2 forms dimers in response to FASN inhibition, while siRNA-
mediated depletion of caspase-2 protects cells from FASN-inhibitor induced apoptosis
(47).

Excess nutrients, such as sugars and lipids, also cause metabolic stress that leads
to apoptosis. This stress of metabolic excess, referred to as glucolipotoxicity, is especially
relevant in pancreatic beta cells, which produce insulin in response to elevated blood
glucose. Hepatocytes in the liver are also subject to extensive glucolipotoxicity in the
clinical condition, non-alcoholic steatohepatitis (NASH), as I will discuss in further
detail later. The Xenopus laevis egg extract system is an excellent model of metabolic
stress-induced apoptosis, specifically for studying caspase-2 activation. While the egg
extract typically undergoes spontaneous caspase activation when left at room
temperature, studies in the Kornbluth laboratory have demonstrated that addition of the
metabolite glucose-6-phosphate prevents this caspase activation (48). In order to
delineate the metabolic changes that occur in the egg extract over time and lead to
caspase activation, our laboratory performed metabolomics analyses in fresh egg extract
and aged extract following caspase activation. The major change occurring over time
was an accumulation of long chain acyl metabolites (Figure 1.3). Blocking this
accumulation could suppress caspase-2 activation (49). Overall, these studies indicate

that a deficit or an excess of lipids can promote metabolic stress and lead to caspase-2
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Figure 1.3: Acylcarnitine profile of fresh and aged Xenopus egg extract

The profile of fatty acid metabolites changes in the Xenopus egg extract after incubating
at room temperature of several hours. Using mass spectrometry, more long chain
acylcarnitines were detected in the “aged” egg extract relative to the freshly prepared
egg extract.
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activation, and future studies are needed to assess the role of caspase-2 in excess lipid-

induced apoptosis in mammalian cells.

1.2.3 Caspase-2 regulation

Because caspase-2 has the power to destroy a cell once it becomes activated,
activation of the proenzyme is tightly controlled on many levels. The expression, post-
translational modification, and protein-binding partners of caspase-2 all affect its
protease activity. Many questions remain regarding the context-specificity of different

forms of regulation, and whether localization plays a role in caspase-2 activity.

1.2.3.1 Expression

The human CASP-2 gene encodes at least two mRNA transcripts that are formed
by alternative splicing and produce separate isoforms of caspase-2: caspase-2L and
caspase-25 (50). Caspase-2L is the primary form of caspase-2 and is therefore simply
referred to as caspase-2 in many instances, as it is here. Caspase-2S is formed by
alternative splicing to include an alternative exon 9 containing a premature stop codon,
resulting in smaller protein size. The expression of caspase-2S is limited, but has been
reported in heart, brain, and skeletal muscle where it reportedly functions to inhibit
apoptosis in direct contrast to the long isoform (51). Caspase-2L is expressed in most
tissues.

Regulation of caspase-2 expression has been reported in many contexts. For

example, the protein Brain Derived Neurotrophic Factor (BDNF), whose expression is
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decreased by mutant Huntington protein, can repress caspase-2 expression in neurons
(52). Therefore, this study suggests that lower BDNF levels seen in Huntington’s disease
increases caspase-2 expression and therefore neuronal cell death. Additionally, caspase-
2 contains binding sites for sterol regulatory element binding proteins (SREBPs) in its
promoter region and first intron, suggesting caspase-2 levels may be controlled by lipid
levels within cells (53,54). Indeed, overexpression of active SREBP-2 in cells can induce
gene expression of caspase-2 and increase caspase-2 protein levels. Interestingly, siRNA-
mediated caspase-2 knockdown in this context can also reduce the increase in lipids seen
with SREBP-2 overexpression, suggesting caspase-2 may participate in this signaling
network to control intracellular lipid levels.

Control of caspase-2 translation by microRNAs in response to ER stress has also
been reported, although the results have been controversial due to irreproducibility (55).
Regardless, it was reported that activation of inositol-requiring enzyme 1 (IRE1) after ER
stress promotes the decay of several microRNAs that normally repress translation of
caspase-2 mRNA, leading to an increase in caspase-2 protein levels (56). Interestingly,
another study also demonstrated that caspase-2 levels are controlled by one of the same
microRNA species, miR-34a, lending more credence to these results (57). In this study,
overexpression of miR-34a decreased ethanol-induced apoptosis in multiple liver cells
lines, leading to a reduction in caspase-2 expression and decreased hepatocyte

apoptosis.
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The regulation of caspase-2 protein stability has not been well studied, however
one report suggested that the PKC-delta inhibitor, rottlerin, can lead to the reduction of
caspase-2 protein levels (58). Ubiquitin-mediated protein degradation was confirmed
using the proteasome inhibitor, MG132. However, the mechanism of degradation
remains unclear given that depletion of PKC-delta by siRNA did not exhibit the same
reduction in caspase-2 protein levels as rottlerin, indicating off-target effects of the

pharmacological agent may be responsible.

1.2.3.2 Caspase-2 Post-translational Modifications

Caspase-2 can also be regulated by many post-translational mechanisms. For
example, caspase-2 can be acetylated at its N-terminus when acetyl-CoA levels are
sufficiently high (59). This study demonstrated that overexpression of the anti-apoptotic
Bcl-2 family protein Bcl-xL reduces acetyl-CoA levels, which suppress apoptosis.
However, restoring intracellular acetyl-CoA levels by supplementing cells with the
metabolites citrate or acetate can restore N-alpha-acetylation of a variety of proteins,
including caspase-2. This N-terminal acetylation promotes the binding between caspase-
2 and the protein RAIDD, which promotes caspase-2 activation in some contexts, as
discussed in section 1.2.3.4 below.

Caspase-2 can also be phosphorylated by multiple kinases on a variety of
different serine residues, which inhibits the enzyme in all cases. Caspase-2 is inhibited

via 5164 phosphorylation by CaMKII under nutrient replete conditions in the Xenopus
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egg extract system to prevent apoptotic signaling during metabolic homeostasis (48).
Moreover, CDK1 phosphorylates caspase-2 at S340 during mitosis to prevent apoptosis
during cell division (60). Finally, phosphorylation of S157 by protein kinase C2 inhibits
caspase-2 activation in TRAIL-resistant cancer cell lines, leading to evasion of cell death
(61). Based on these studies, it appears that phosphorylation interferes with dimerization
of caspase-2, a necessary step for activation. A summary of caspase-2 post-translational

modifications is shown in Figure 1.4.

1.2.3.3 Caspase-2 Localization

The localization of caspase-2 is debated, but there is substantial evidence that
caspase-2 can exist in the nucleus. Caspase-2 contains two nuclear localization signals
within the prodomain, one of which is critical for a/B-importin-mediated transport into
the nucleus (62). Caspase-2 staining in the nucleus often appears dot-like, and combined
with co-staining data, this information led to the hypothesis that caspase-2 can associate
with promyelocytic leukemia protein nuclear bodies (PML-NBs) (63). PML-NBs can
regulate apoptosis, and contain a number of other proteins including the pro-apoptotic
P53 (64). However, the relevance of PML-NBs for caspase-2 activation has not been
clarified. Some studies have suggested that caspase-2 transports from the nucleus to the
cytoplasm during late apoptosis when the nuclear pores allow more diffusion (65), while

others suggest it transports from the cytoplasm to the nucleus during etoposide-induced
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Figure 1.4: Caspase-2 Post-translational Modifications

Caspase-2 can be modified on many residues in different contexts. The N-terminus can
be acetylated, and three different serine residues can be phosphorylated: S157, 5164, and
S340.
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apoptosis (66). Overall, it appears that caspase-2 can localize to the nucleus, but the
context and consequences of its nuclear localization are still unclear.

In addition to nuclear localization, it has also been suggested that caspase-2 can
exist in the Golgi apparatus. The Golgi resident protein golgin-160 is one of caspase-2’s
few unique targets, and caspase-2 can co-localize with both golgin-160 and giantin,
another Golgi protein (67). It has been suggested that cleavage of golgin-160 by caspase-
2 is critical for Golgi disintegration during apoptosis. However, few studies have
examined the relevance of Golgi localization of caspase-2, so it is unclear whether this

phenomenon occurs globally.

1.2.3.4 Caspase-2 activation platforms

As an initiator caspase that is very structurally similar to caspase-9, caspase-2
activation has been hypothesized to be similar to the activation process for caspase-9.
The activation of caspase-9 is very well defined, and requires oligomerization with
cytosolic cytochrome ¢, dATP/ADP, and Apaf-1, to form the “apoptosome” complex
where caspase-9 dimerizes as a result of “induced-proximity” (68). Therefore, it has been
hypothesized that caspase-2 may also form a protein complex to promote dimerization
and activation. While this has been demonstrated in many studies, there are many
questions about the identities of the proteins binding caspase-2 in this complex. The
canonical mechanism for caspase-2 activation, PIDDosome formation, has been

disputed, and several alternatives have been proposed. While the protein complexes
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below appear to be relevant for caspase-2 activation in some settings, there is no one-

size-fits-all model of the activation of caspase-2.

1.2.3.4.1 PIDDosome

The PIDDosome complex was first proposed in 2004 as a result of experiments
aimed at identifying caspase-2 binding proteins (69). RAIDD was identified in a screen
to pick up caspase-recruitment domain (CARD)-containing proteins that could bind to
the caspase-2 CARD, while PIDD was identified by searching for Death Domain (DD)
containing proteins that bind the DD of RAIDD. It was further demonstrated using gel
filtration chromatography that caspase-2, RAIDD, and PIDD are all present in high
molecular weight fractions around 670 kDa after incubating lysates at 37°C, indicating
they are part of a big protein complex. In support of the idea that these proteins are
important for caspase-2 activation, expression of a mutant PIDD without a DD is unable
to induce caspase-2 cleavage and apoptosis in response to doxorubicin, unlike WT
PIDD. However, the relevance of the PIDDosome has been challenged multiple times.
By gel filtration chromatography, caspase-2 still migrates in high molecular weight
fractions after heat shock even in RAIDD and PIDD deficient MEFs, respectively (66). In
addition, using an active caspase-2 pull-down assay, RAIDD but not PIDD is necessary
for caspase-2 activity in response to 3-amyloid induced neuronal cell death (70). Overall,
it is clear that caspase-2 oligomerization and activation in response to all death stimuli

does not require both RAIDD and PIDD in all cell types.
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1.2.3.4.2 CD95 death-inducing signaling complex

Another possible platform for caspase-2 activation is the CD95 death-inducing
signaling complex (DISC). This DISC complex is formed through homotypic interactions
and consists of oligomerized CD95 plasma membrane receptors, the adaptor protein
FADD, procaspase-8, procaspase-10, and c-FLIP (71). CD95 signaling can promote two
distinct signal cascades depending on the expression level of CD95 in a given cell type.
CD95 levels and DISC formation are high in type I cells and therefore caspase-8 can
directly activate caspase-3 to promote apoptosis, as discussed earlier. Type II cells have
lower CD95 expression and DISC formation and therefore utilize the mitochondrial
pathway of apoptosis for higher amplification: caspase-8 cleaves the Bcl-2 family protein
Bid which then promotes MOMP and downstream caspase activation.

Since the role of caspase-2 in the extrinsic pathway has been controversial, a
study in 2005 examined whether caspase-2 is associated with the DISC complex after
CD95 stimulation in multiple human T- and B-cell lines (71). It was discovered that
capase-2 does associate with CD95 and procaspase-8 after CD95 stimulation in several
cell lines, and that caspase-2 is catalytically active in this complex. Another study
demonstrated that both caspase-8 and caspase-2 are important for Bid cleavage after
DISC formation from 5-FU treatment of HCT116 cells (72), suggesting the association of

caspase-2 with the DISC complex can help amplify the death signal.
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1.2.3.4.3 TRAF2-RIP1 complex

Another possible activation complex for caspase-2 is the complex formed by
association between caspase-2 and the proteins TRAF2 and RIP1. Using a similar gel
filtration chromatography experiment as the initial PIDDosome paper, caspase-2,
TRAF2, and RIP1 all migrated in 670 kDa size fractions in cell lysates heated at 37°C (73).
In addition, the interaction between all three of these proteins was confirmed through
co-immunoprecipitations. However, this study concluded that the association between
caspase-2 and TRAF2 functioned to promote the activation of NF-«B, since
overexpression of catalytically inactive caspase-2 promoted NF-kB-specific
transcriptional activity, which could be blocked by a dominant-negative version of
TRAF2. The circumstances under which this complex forms are still unclear, as is

whether this complex is relevant for the ability of caspase-2 to promote apoptosis.

1.3 Tumor Necrosis Factor Receptor Associated Factors

The tumor necrosis factor (TNF) receptor associated factors (TRAFs) are a family
of adapter proteins named because of their initial identification as binding proteins of
the TNF-Receptor (TNFR) family. As mentioned earlier, the TNFR family receptors can
promote cell death, survival, immune regulation, or differentiation in response to
extracellular ligands. There are seven TRAF family members in humans, all of which
contain a “TRAF” domain consisting of 7-8 beta sheets followed by a coiled coil domain,
with the exception of TRAF7 (74). The TRAF domain is important for binding cytosolic

portions of TNFR superfamily receptors, for intracellular signaling, and for homo- and
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hetero-oligomerization with other TRAF proteins (75). Additionally, with the exception
of TRAF1, all TRAFs contain a N-terminal RING domain followed by zinc finger
domains, implicating a possible functional role in proteolysis. TRAF2 and TRAF3 are
reported to act as E3 ligases to catalyze K48-linked polyubiquitin chains to promote
protein degradation. In addition, TRAF2 and TRAF6, the two most extensively studied
TRAFs, also reportedly catalyze non-degradative K63-linked ubiquitination. In general,
the main role attributed to TRAFs is promoting signaling cascades that control gene
expression through NF-kB and mitogen-activated protein kinases (MAPKs) to induce

cell death or cell survival. A schematic of TRAFs 1-3 is shown in Figure 1.5.

1.3.1 TRAF1

TRAF1 was originally identified along with TRAF2 in 1994 through a yeast two-
hybrid screen aimed at identifying interacting proteins of TNFR2 (76). A few years later,
it was also picked up in a yeast two-hybrid screen for binders of CD30, another TNFR
superfamily receptor (77). As mentioned above, TRAF1 is unique in the TRAF family in
that it lacks the N-terminal RING domain (Figure 1.5). Its expression is also more limited
than the other TRAFs, with mRNA expression detected basally in spleen, liver, and testis
(78). However, TRAF1 expression can be induced by various stimuli including
interleukin (IL)-1, TNF«a, CD40, and Epstein-Barr Virus (EBV) infection. Up to five NF-

kB binding sites exist in the TRAF1 promoter, and NF-kB activation can promote TRAF1
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upregulation (79). TRAF1 upregulation is also seen in B-cell lymphoma, including non-

Hodgkin lymphoma and chronic lymphocytic leukemia (80).

1.3.1.1 Major Functions of TRAF1

TRAF1 can directly interact with the cytoplasmic domains of many plasma
membrane receptors in the TNFR superfamily, including 4-1BB, AITR, ATAR/HVEM,
CD30, EDAR, TAJ/TROY, TRANCE-R/RANK, and OX-40, and also indirectly with
TNFR-1 and TNFR-2 through TRADD and TRAF2, respectively (80). Although it can
bind many receptors, the function of TRAF1 in these pathways is not well characterized
in most cases. Moreover, TRAF1 knockout mice are born with a grossly normal
appearance, further mystifying the physiological role of TRAF1 (81).

The main function attributed to TRAF1 is inhibition of TNFR-1 and T cell
receptor-mediated apoptosis. Upon activation, TNFR-1 can recruit various signaling
complexes. One such complex includes the proteins TRADD, TRAF1, TRAF2, cIAP1 and
cIAP2, which are thought to inhibit caspase-8 activation and apoptosis (82). In addition,
overexpression of TRAF1 in CD8+ T cells in vivo inhibits antigen-induced apoptosis
through an unknown mechanism (83).

In contrast, TRAF1 reportedly has a pro-apoptotic role after it is cleaved by
caspases in response to many death stimuli, including Bak overexpression, and
activation of death receptor pathways such as CD95, TRAMP/DR-3, and TRAIL-R1 (84).

One study demonstrated that this truncated version of TRAF1 can act as a dominant-
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negative version to inhibit NF-«B signaling. A later study showed that this truncated
form of TRAF1 enhances TNF and CD95-mediated apoptosis, but has little effect on
cisplatin, staurosporine and ultraviolet irradiation-induced apoptosis, thereby limiting
the pro-apoptotic effect of truncated TRAF1 to death receptor mediated apoptosis (85).
Overall, more work is needed to determine how the ratio of truncated TRAF1 to full
length TRAF1 affects survival signaling. Also unclear is the role of TRAF1 in the
cytokine signaling pathways initiated by the many membrane receptors to which it

binds.

1.3.2 TRAF2

As mentioned above, TRAF2 was discovered in a yeast two-hybrid screen for
TNFR-2 associated proteins, making this most-studied TRAF one of the first to be
discovered. Similar to most of the other TRAF proteins, TRAF2 contains an N-terminal
RING domain followed by five zinc finger domains, a coiled coil domain, and the C-
terminal TRAF domain (Figure 1.5) (86). TRAF2 is expressed ubiquitously throughout
the body, with the highest levels in the spleen (87). Information on the regulation of
TRAF2 expression is limited to the stability of the protein in various signaling pathways.
1.3.2.1 Major functions of TRAF2

To date, the main role elucidated for TRAF2 is mediating TNFR signaling
cascades to promote canonical NF-kB and Jnk activation (88). Binding of the TNF«

ligand to TNFR-1 recruits the adaptor protein TRADD and TRAF2, along with receptor-
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interacting kinase-1 (RIP1), to promote IKK and Jnk activation, and subsequently NF-kB
and AP-1 activation, respectively. MEFs deficient in TRAF2 are unable to activate Jnk
through this pathway, although NF-kB activation still occurs, likely through redundancy
by TRAF5, as a double knockout of both TRAFs is unable to activate either pathway
(89,90).

TRAF2 also participates in alternative NF-kB signaling, which most frequently
occurs in B cells downstream of the TNFR superfamily receptors CD40, lymphotoxin-f3
receptor and BAFF receptor (91). In this pathway, TRAF2 and TRAE3 function together
to bridge cIAP1/2 to NF-«xB Inducing Kinase (NIK) to promote its degradation. Upon
receptor stimulation, TRAF2 and TRAF3 are degraded through a cIAP-dependent
mechanism, leading to NIK stabilization and nuclear translocation of the p52-RelB NF-
kB complex.

In addition to promoting NF-kB signaling pathways, TRAF2 also functions in
MAPK signaling. For example, TRAF2 binds the protein ASK-1 after TNF stimulation,
and this interaction promotes the activation of Jnk (92). Both a kinase-dead version of
ASK-1 and a dominant-negative form of TRAF2 interrupt this signaling, verifying the
importance of both proteins to activate this cascade. However, this pathway appears to
be more complicated, as the phosphorylation of TRAF2 also plays a role in Jnk activation
and apoptosis: after TNFa stimulation or oxidative stress, TRAF2 is phosphorylated at

S11 and S55 (93). This phosphorylation is required to protect cells from apoptosis by
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inhibiting the prolonged phase of Jnk activation. Expression of a phospho-null mutant of
TRAF2 in combination with sub-lethal oxidative stress can promote degradation of Bcl-2
and cIAP1, and ultimately cell death. More work needs to be done to clarify how the
phosphorylation of TRAF2 is controlled and if is important to block apoptosis in all
contexts.

TRAF?2 is also involved in ER stress signaling: through a yeast two-hybrid screen
for IRE1 interactors, TRAF2 was discovered to be a key mediator for signaling to Jnk
during the ER stress response (94). IRE1 is an ER membrane protein that senses
unfolded proteins in the ER, leading to its activation and the transcription of stress-
responsive genes. IRE1 also phosphorylates Jnk, which then phosphorylates insulin
receptor substrate-1 (IRS-1) to antagonize insulin receptor signaling (95). A dominant-
negative version of TRAF2 was able to reduce phosphorylation of Jnk by IRE1. TRAF2
also promotes caspase-12 multimerization and activation in response to ER stress by
tunicamycin treatment or IRE1 overexpression (96). However, a dominant negative
TRAF2 increased caspase-12 self-association and cleavage compared to a negative
control, indicating TRAF2 activity towards IRE1 and caspase-12 may not be part of the

same signaling paradigm.

1.3.3 TRAF3

TRAF3 was identified soon after TRAFs 1 and 2 by its association with the CD40

membrane receptor and the EBV latent membrane protein, LMP-1 (75). TRAF3 is highly
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homologous to TRAF2 and TRAF5 and similarly contains an N-terminal RING domain
followed by five zinc-binding fingers and an isoleucine zipper (Figure 1.5). It also
contains the typical TRAF domain at its C-terminus. It is constitutively expressed in

most cell types (97).

1.3.3.1 Major functions of TRAF3

TRAF3 is involved in many diverse signaling pathways, and can act as both an
activator and inhibitor of signaling cascades. The main roles attributed to TRAF3 so far
involve regulating MAPK activation, TLR signaling and NIK stability (discussed in
1.3.2.1). Since TRAF3 was identified as a CD40-binding protein, the role of TRAF3 in
CD40 signaling has been well examined. In B cells, CD40 activation promotes the
formation of two TRAF3-containing protein complexes: one complex comprises TRAF2,
TRAF3, cIAP, MEKK1, UBC13 and IKKY; and the second comprises TRAF3, TRAF6,
cIAP, TAK1, UBC13, and IKKY (98). TRAF3 inhibits the activation and release of MEKK1
and TAK1 from these complexes, but degradation of TRAF3 by cIAP can lift this
inhibition to promote MAPK signaling.

TRAF3 can act as an activator of innate immune responses through TLR-
dependent signaling pathways to promote type I interferon (IFN) and IL-10 production
by macrophages and dendritic cells (99). Lipopolysaccharide (LPS)-induced TLR4
activation promotes binding between the adaptor protein TRIF and TRAF3, leading to

K63-linked polyubiquitination of TRAF3 (100). This ubiquitination is required for the
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phosphorylation and activation of the protein IRF3. Mutation of the TRAF3 RING
domain prevents TRAF3 ubiquitination and IFN induction, suggesting TRAF3 self-
ubiquitination is important for this response (101).

TRAF3 has also been reported to regulate apoptosis in many contexts. For
example, TRAF3 oligomerization is required to promote cell death upon activation of
the lymphotoxin-@ receptor (LTBR) (102). LTBR is expressed in most cell types, with the
exception of B and T lymphocytes, and its activation promotes apoptosis in
adenocarcinoma cells. A series of TRAF3 deletion mutants demonstrated the importance
of the coiled-coil domain for binding LTBR and the RING and zinc finger domains for
signaling cell death. TRAF3 is also critical for CD40 ligand-induced cell death in
malignant human urothelial cells (103). TRAF3 stability is enhanced upon CD40
activation in these cells, and knockdown of TRAF3 prevents apoptosis by blocking the
activation of Jnk/AP-1 and caspases -3 and -9. In contrast, CD40L stimulation of normal
nonmalignant urothelial cells reduced TRAF3 protein levels and did not lead to
apoptosis, indicating the significance of TRAF3 stability for cell fate decisions. Finally,
TRAF3 also reportedly enhances the pro-apoptotic effects of the protein second
mitochondria-derived activator of caspase (Smac) (104). As the name suggests, Smac is
located in the mitochondria of healthy cells but is released after MOMP. TRAF3 was
identified as a Smac-interacting protein through a yeast two-hybrid screen and interacts

with Smac through its TRAF domain. Overexpression of TRAF3 in cells is able to
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amplify the pro-death effects of cytosolic Smac. Overall, TRAF3 plays very diverse roles
depending on cell type and stimulus, promoting both immune responses and cell death

depending on the context.

1.4 Lipid Metabolism and Lipotoxicity

As mentioned in section 1.2.2.4, excess sugars and lipids can cause metabolic
stress referred to as glucolipotoxicity, which ultimately leads to cell death. This
metabolic apoptosis is especially prevalent in hepatocytes in the clinical condition, non-
alcoholic steatohepatitis (NASH). In order to appreciate how dysregulated lipid
metabolism in the liver leads to intracellular and ultimately physiological stress, an

understanding of homeostatic hepatic lipid metabolism is essential.

1.4.1 Normal Liver Lipid metabolism

There are three main sources of fat in the liver: 1) dietary fat 2) de novo
lipogenesis, and 3) uptake of free fatty acids (FFAs) from the circulation that have been
released from adipose tissue (105). Most dietary fat is in the form of triglycerides, which
consists of three FFAs conjugated to a glycerol molecule. Triglycerides are exported
through lipoprotein complexes called chylomicrons from the intestines to the liver.

De novo lipogenesis in the liver is highly regulated and occurs when ATP levels
are high and excess glucose is present. Glucose is converted to pyruvate through
glycolysis, which is then converted to acetyl-CoA for entry into the mitochondria.

Acetyl-CoA is then converted to citrate for flux through the citric acid cycle. High levels
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of citrate activate the enzyme acetyl-CoA carboxylase (ACC), which is the first enzyme
in the fatty acid synthesis pathway, and converts acetyl-CoA to malonyl-CoA. Once
malonyl-CoA is formed, the multifunctional enzyme fatty acid synthase (FASN)
catalyzes seven reactions to form palmitoyl-CoA, a 16-carbon chain fatty acid. Many
hormones also regulate the expression and activity of the enzymes involved in lipid
metabolism. Insulin, secreted from the pancreas when blood glucose levels are high, can
activate ACC to shunt glucose into storable energy in the form of fatty acids and
eventually triglycerides. In addition, leptin, secreted by adipose cells in the fed state, can
downregulate lipogenic gene expression in the liver: SREBP-1c liver expression
decreases in response to leptin, reducing expression of ACC and FASN (106,107).

The liver uptakes FFAs through passive diffusion, by binding fatty acid transport
proteins (FATPs), and through membrane uptake transporters (108,109). The expression
of fatty acid binding proteins and FATPs correlate with fat accumulation (steatosis) in
the human liver (110). In addition, knockout mice lacking liver expression of FATP2
have reduced hepatic steatosis after high fat feeding (111). In addition to regulation of
proteins involved in import, another key factor that dictates the level of hepatic FFA
uptake is the quantity of FFAs in the circulation. During fasting conditions, 82% of FFAs
in the circulation originate from visceral adipose tissue, and 62% originate from here

after feeding (112). Release of FFAs from adipose tissue is controlled by hormones, and
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breakdown of adipose triglycerides (lipolysis) is most potently regulated by insulin,
epinephrine and norepinephrine (113).

The liver can also export lipids: formation of very low-density lipoproteins
(VLDLs) packages triglycerides with cholesterol and lipoproteins, mainly ApoB. VLDL
formation is regulated by FFA and triglyceride abundance, and is also dependent on
expression of microsomal triglyceride transfer protein (MTP) in the ER (114). MTP is
important for promoting the transfer of triglycerides to ApoB, and its expression can be
controlled by insulin through the transcription factor FOXO1. ApoB localization and
protein levels are also controlled by lipid levels; sufficient quantities of the phospholipid
phosphatidylcholine promotes the translocation of ApoB from the cytosol to the lumen,
a necessary step in VLDL formation, while sufficient cholesterol ester levels suppress
ApoB degradation to promote VLDL formation (115). Altogether, it is clear that lipid
metabolism and storage in the liver is very complex and is regulated by many different

signaling molecules.

1.4.2 Liver Lipotoxicity: Non-alcoholic Fatty Liver Disease

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disorder in
western civilizations, affecting 10-46% of the United States population (116). NAFLD is
the liver manifestation of metabolic syndrome, and the major risk factors are central
obesity, type II diabetes mellitus, and dyslipidemia (117). NAFLD is a spectrum disease,

and is initially characterized by hepatic steatosis, or intracellular lipid accumulation in
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hepatocytes. It can progress to the more severe form, non-alcoholic steatohepatitis
(NASH), which is characterized by the addition of inflammation and can ultimately lead
to fibrosis. NASH affects 3-5% of the United States population and there are currently no
pharmacological interventions; lifestyle modifications remain the most effective

treatment strategy.

1.4.2.1 Pathogenesis of NAFLD and NASH

As mentioned in 1.4.1, the liver accumulates lipids through a variety of
physiological mechanisms, many of which can be dysregulated by obesity and insulin
resistance to cause a pathogenic buildup of lipids in the liver. For example, insulin
typically inhibits lipolysis and release of FFAs from adipose tissue, since they are not
needed as an energy source when blood glucose is high. However, patients with NAFLD
are often insulin resistant and this inhibition of lipolysis by insulin is therefore impaired,
resulting in an excess of FFAs in the circulation (118). This excess of circulating FFAs can
then be uptaken by the liver.

In addition, isotope-labeling studies have found that de novo lipogenesis in the
liver is also increased in patients with NAFLD (119,120). This is likely due to
hyperinsulinemia and hyperglycemia. Insulin stimulates SREBP1-c, even in insulin
resistance states, to promote the enzymes necessary for de novo lipogenesis (121). In
addition, hyperglycemia activates carbohydrate response element-binding protein

(ChREBP), which also promotes expression of lipogenic enzymes, in addition to a liver-
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specific isoform of pyruvate kinase, which helps make precursors for fatty acid synthesis
(122).

Increased liver lipids in NAFLD can also be accounted for by reduced export of
triglycerides through VLDL secretion. ApoB protein production is critical for VLDL
export, and NASH patients produce lower amounts of ApoB protein, even though other
hepatic protein production is similar to control patients (123). The decrease in ApoB is
likely through degradation as a result of ER stress, as experiments in vitro and in vivo
demonstrated that excess free fatty acids cause ER stress that decreases ApoB protein
stability (124).

While NAFLD is simply characterized by steatosis, NASH is much more severe
and occurs because of lipotoxicity. Not all lipids are equally toxic; for example, FFAs are
more toxic to hepatocytes than triglycerides, and circulating FFA levels correlate to
NAFLD severity (125). Animal model studies have demonstrated that eliminating
expression of the metabolic enzyme diacylglycerol O-transferase 2 (DGAT2), which
converts diacylglycerol molecules to triglycerides, increases liver toxicity even though
fewer lipid droplets are present (126). In addition, all FFAs are not equally toxic: many
lines of evidence indicate that saturated FFAs are more toxic than unsaturated FFAs
(127). In fact, unsaturated FFAs can even neutralize the toxicity of FFAs when cells are
fed both FFAs simultaneously (128). The difference in toxicity is believed to be because

unsaturated FFAs are more readily incorporated into triglycerides than saturated FFAs,
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and can help channel saturated FFAs into triglyceride synthesis pathways (129). Animal
model studies also support the toxicity differences between these FFAs: Stearyl-CoA
Desaturase-1 (SCD-1) deficient mice cannot convert saturated FFAs into unsaturated
FFAs, and exhibit increased apoptosis and liver injury (130).

An increase in lipotoxicity leads to an increase in lipid-induced apoptosis, or
lipoapoptosis, which is considered the critical event in NASH pathogenesis (131,132).
Apoptosis, as well as the engulfment of apoptotic bodies, has been demonstrated
experimentally to affect inflammation and fibrosis, the key characteristics that
distinguish NASH from NAFLD. Inhibiting the ability of Kupffer cells, the resident liver
macrophages, to engulf apoptotic bodies attenuates liver inflammation and fibrosis in
bile duct-ligated mice, a model of liver injury (133). In addition, activated hepatic stellate
cells (HSCs) are known to be a major source of collagen deposition in the liver (134).
Under homeostatic conditions, HSCs are quiescent and function to store retinoids.
However, once activated by liver damage, these cells transform into a myofibroblastic
morphology and secrete types I and III collagen. Engulfment of apoptotic bodies by
activated HSCs has been shown to enhance the generation of collagen I and suggest it is
an important mechanism in the development of cirrhosis. Figure 1.6 depicts an overview
of NASH pathogenesis.

Inhibition of caspases to prevent apoptosis has been studied as a means to

prevent inflammation and fibrosis in models of NASH. One study used a diabetic mouse
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A Free
fatty acids

Figure 1.6: Pathogenesis of non-alcoholic steatohepatitis (NASH)

Excess import of free fatty acids into the liver, in addition to increased de novo
lipogenesis and reduced lipid export, lead to hepatic steatosis. This steatosis causes
intracellular stress including excess reactive oxygen species (ROS) and endoplasmic
reticulum (ER) stress. This lipotoxicity promotes cell death, including apoptosis. In

response to cell death, inflammation increases. Apoptosis also promotes the activated of
hepatic stellate cells, which secrete collagen. This collagen secretion leads to fibrosis and
ultimately cirrhosis, or liver failure.

44



model fed a methionine-choline deficient (MCD) diet to induce steatohepatitis along
with the pan-caspase inhibitor VX-166, which most effectively inhibits caspases 1,3,4 and
7 (135,136). Although this study did not observe a decrease in the histological
parameters of liver injury, inhibition of these caspases did reduce markers of
fibrogenesis. This suggests caspase inhibition could be a promising therapeutic strategy,
but leaves open the possibility that inhibiting alternative caspases could be more
effective. For example, inhibiting an initiator caspase, such as caspase-2, could prevent
mitochondrial permeabilization in addition to downstream apoptotic signaling.
Preserving cellular function using this strategy could be more effective at preventing
liver injury.
1.4.2.2 Molecular Signaling in Lipoapoptosis

Substantial work has been done exploring the signaling pathways that promote
cell death from an excess of lipids, especially FFAs, but many questions remain. The
proteins responsible for sensing this lipotoxic stress are under intense investigation, as
are the relevant death pathways in different settings. Many have attributed the toxicity
of FFAs to their ability to induce the ER stress response and stimulate the production of
reactive oxygen species (ROS), both of which can then initiate death through a variety of

mechanisms.

1.4.2.2.1 Lipid Sensing: ER Stress/ROS

There are three main transmembrane protein “stress sensors” in the ER that

respond to counteract stress in the organelle: protein kinase RNA-like ER kinase (PERK),
45




activating transcription factor 6 (ATF6), and IRE1. PERK is activated first, and
phosphorylates eukaryotic initiation factor 2a (eIF2a) to inhibit general protein
translation (137). ATF6 is activated through proteolysis after translocation to the Golgi,
and once active becomes a transcription factor that induces transcription of genes for
protein folding, secretion, and degradation, including gene X box-binding protein-1
(XBP-1) (138). IRE1 contains both a ser/thr kinase domain and an endoribonuclease
domain. Once activated through dimerization and autophosphorylation, IRE1 splices an
intron out of XBP-1 mRNA transcripts, allowing it to enter the nucleus and activate
transcription of genes for protein chaperones and protein secretion.

In an in vitro model of hepatocyte lipotoxicity, treatment of H4IIE rat hepatoma
cells with the saturated FFA, palmitate, led to induction of many markers of ER stress:
phosphorylation of IRE1, splicing of XBP-1, and phosphorylation of elF2a (127). XBP-1
splicing was also demonstrated in an in vivo model of hepatic steatosis, characterized by
an increase in saturated fatty acids (139). Sensing of saturated fatty acids may be
through altered membrane compositions: knockdown of the enzyme SCD-1 in HeLa
cells increases saturated phospholipids in membranes while not significantly affecting
free fatty acids (140). This change in phospholipid composition induced activation of
IRE1, assayed through increased splicing of XBP-1, and activation and phosphorylation
of PERK. Interestingly, studies have suggested that the luminal domains of IRE1 and

PERK, typically used for sensing unfolded proteins in the ER, are unnecessary for
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sensing ER stress from saturated lipids (141). The transmembrane domains are necessary
to elicit the stress response, suggesting that these proteins are responsive to the lipid
composition of the ER membrane, which is altered by an increased ratio of saturated to
unsaturated fatty acids.

Some studies have also suggested that saturated fatty acids promote excessive
production of ROS, which ultimately causes cell death. In the rat hepatocyte cell line
HA4IIECS, palmitate increases ROS production and Jnk activation (142). The anti-oxidants
N-acetyl-L-cysteine (NAC) and a-tocopherol were able to reverse Jnk activation. In
addition, anti-oxidants can reduce apoptosis induced by palmitate (143). Increased
systemic lipid peroxidation is also seen in NASH patients, suggesting widespread

oxidative stress (144).

1.4.2.2.2 Initiation of Lipoapoptosis

Many studies investigating the initiation of lipoapoptosis have focused on Jnk
activation and its role in inducing expression and activation of many Bcl-2 family
proteins. For example, the Jnk inhibitor SP600125 can inhibit palmitate-induced
increases in PUMA protein expression (145). Knockdown of PUMA can also reduce
palmitate-induced executioner caspase activation and apoptosis in the hepatocellular
carcinoma cell line Huh?. Jnk also mediates an increase in the expression of TRAIL-
R2/DR5 after palmitate treatment, indicating the extrinsic pathway of apoptosis might
also contribute to lipoapoptosis (146). The degradation of cIAPs have also been

implicated in contributing to hepatocyte lipoapoptosis downstream of MOMP, however,
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the mechanism by which this occurs is still unclear (147). Overall, more work is needed
to understand how lipotoxicity in the liver leads to cell death, particularly before MOMP

occurs.
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2. Materials and Methods

2.1 Plasmid cloning, site-directed mutagenesis, plasmid
expression, and RNA interference

pCDNAB3-caspase-2-C320A-FLAG was generated by subcloning a caspase-2 PCR
product with primers encoding an N-terminal Kpnl restriction site (CGGGGTACC
ATGGCGGCGCCGAGCGCGGGE) and a C-terminal FLAG tag and Xhol restriction site
(TACCGCTCGAGTCATGTGGGAGGGTGTCCTGG) into pCDNA3 cut with Kpnl and
Xhol. pcDNA3-caspase-2-C320A-Myc was generated by subcloning a caspase-2 PCR
product with the same N-terminal Kpnl-restriction site and a C-terminal primer with a
Myc tag and Xhol restriction site
(ATATACTCGAGTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCTGTGGGAGGGT
GTCCTGGGAA). Human Caspase-2 cDNA originated from Origene, and mutagenesis
was performed to make a catalytically inactivate caspase-2 (C320A) for some
experiments, described below. pRetroX-Tight-Pur-Caspase-2-FLAG was created by
subcloning a PCR product of WT caspase-2 with Notl and Mlul restriction sites into the
pRetroX-Tight-Pur plasmid from Clontech. The following primers were used:
Notl_HC2FLAG_FOR (TATATGCGGCCGCATGGCGGCGCCGAGC) and
Mlul_HC2FLAG_Rev (GCAGCACGCGTCTACTTATCGTCGTCATC). The “TIM
mutant” version of this construct was also created through mutagenesis, described
below. pCDNA3-TRAF1-3HA, FLAG-TRAF2, FLAG-TRAF3, FLAG-TRAF5, and FLAG-

TRAF6 were generous gifts from Dr. Tomohisa Kato at the University of Tokyo to Dr.
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Kenkyo Matsuura of the Kornbluth laboratory. pPCDNA3-TRAF4 was obtained from
Addgene (Plasmid #16375, from the laboratory of Wafik El-Deiry). TRAF7 cDNA
originated from GE Healthcare (MGC Human TRAF7 Sequence-Verified cDNA, Clone
ID: 5433246). N-terminal FLAG tagged constructs in pCDNA3 were created for TRAF1,
TRAF5, and TRAF7 and a C-terminal FLAG tagged pcDNA3 construct was created for
TRAF4 using the following primers: TRAF1: hTRAF1-STOP-Xhol
(ATATACTCGAGTTAAGTGCTGGTCTCCACAATG) and Kpnl-FLAG-hTRAF1
(TATATGGTACCATGGACTACAAAGACGATGACGACAAGATGGCCTCCAGCTCA
GGCAGC); TRAF4: hTRAF4-FLAG-Stop-Xhol
(ATACTCGAGTTACTTGTCGTCATCGTCTTTGTAGTCGCTGAGGATCTTCCGGGGC
AGTT) and Kpnl-hTRAF4
(TATATGGTACCATGCCTGGCTTCGACTACAAGTTCCTGGA); TRAF5:
BamHI_FLAG-hTRAF5 (TATATGGATCCATGGACTACAAGGACGACGAC) and
hTRAF5-Stop-Xbal (ATATATCTAGATTAGAGATCCTCCAGGTCAGT); TRAF7:
hTRAF7-Stop-Xhol (ATATACTCGAGTTAGCAAGTCCAAACCTTCACAGTGC) and
Kpnl-FLAG-hTRAF7s
(TATATGGTACCATGGACTACAAAGACGATGACGACAAGATGCCCCCCATCAGC
ACTCCQ).

The C320A catalytically inactive and “TIM mutant” plasmids for caspase-2 were

prepared with the QuikChange II XL Site-Directed Mutagenesis kit from Agilent
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Technologies according to the manufacturer’s instructions. The primers were created
using the Quikchange Primer Design Tool on the Agilent Technologies website and are
as follows: HC2-C320A-F (GTTCTTCATCCAGGCCGCCCGTGGAGATGAGACT) and
HC2-C320A-R (AGTCTCATCTCCACGGGCGGCCTGGATGAAGAAC) and TIM-
Casp2-For
(GCAAAATTCTGCAGTTTCTCTTGCGCTGCCGCTGCAGCCTGGTCACATAGAACA
TGGACGTC) and TIM-Casp2-Rev
(GACGTCCATGTTCTATGTGACCAGGCTGCAGCGGCAGCGCAAGAGAAACTGCA
GAATTTTGC).

Plasmid overexpression in 293T cells was performed using X-tremeGENE 9 DNA
transfection reagent (Roche Life Sciences). Transfections were performed according to
the manufacturer’s instructions.

RNA interference experiments were performed using Lipofectamine RNAIMAX
Transfection Reagent (Life Technologies) according to the manufacturer’s instructions.
Custom caspase-2, RAIDD, and PIDD oligonucleotides were ordered from Sigma
Aldrich. The siRNA sequences are as follows: caspase-2:
UGGAAGUAUUUGAGAGAGA(AT)(dT) (parentheses represent nucleotide overhang);
RAIDD: GGCCAGAGACAAACAAGUA(AT)(dT); PIDD:
CAGACTGTTCCTGACCTCAGA(AT)(dT). SMARTpool mouse caspase-2 siRNA was

obtained from Dharmacon (catalogue number M-044184-00), and ON-TARGETplus
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Control siRNA 1 was obtained from Dharmacon (catalogue numberD-001810-01-05).
TRAF3 siRNA was purchased from Santa Cruz Biotechnology (sc-29510) and Thermo

Scientific (L-005252-00-0005).

2.2 Antibodies

Three caspase-2 antibodies were used for immunoblots of cell culture lysates:
Anti-caspase-2 (polyclonal; 1:1000) was purchased from Abcam (ab7979); anticaspase-2
(monoclonal; 1:1000) was from BD Transduction Laboratories (Clone G310-1248), and
Anti-caspase-2 (monoclonal; 1:1000) was from EMD Millipore (clone 11B4). Anti-
caspase-2 (monoclonal; 1:500) from Cell Signaling Technologies (#2224) was used for
immunoblots of mouse tissue lysates and Anti-caspase-2 (polyclonal; 1:3000) from Santa
Cruz Biotechnology (sc-626R) was used for immunohistochemistry. Cleaved caspase-3
for immunohistochemistry (polyclonal; 1:50) was from Cell Signaling Technologies
(#9664). a-SMA (polyclonal; 1:400) and Collagen ala (polyclonal; 1:300) for
immunohistochemistry were both from Abcam (ab32575 and ab292). Anti-RAIDD
(monoclonal; 1:500) was from MBL International (M056-3). Anti-PIDD (polyclonal;
1:1000) was from Proteintech (12119-1-AP). Anti-TRAF3 (polyclonal; 1:1000) was from
Proteintech (18099-1-AP). Anti-actin (polyclonal; 1:1000) was from Santa Cruz
Biotechnology (I-19) and Anti-beta actin (monoclonal; 1:2000) was from Abcam (ab8224).
Anti-FLAG (monoclonal; 1:1000) was from Sigma Aldrich (F1804). Anti-c-Myc

(polyclonal; 1:1000) was from Santa Cruz Biotechnology (sc-789).
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2.3 Cell culture

2.3.1 Cell lines and maintenance

All cell lines used were obtained from Duke Cell Culture Facility (293T, AML-12,
Hep3B, HepG2, HeLa S3) except the Huh? cells, which were a generous gift from the
Diehl Laboratory at Duke University Medical Center. All cell lines were grown in
DMEM (Gibco by Life Technologies, 11995-065) with 10% fetal bovine serum (Gibco by
Life Technologies, 16000-044) with the exception of the AML-12 cells, which were

cultured according to ATCC specifications.

2.3.1.1 HeLa S3 Tet-On cells with WT/TIM caspase-2

Stable HeLa S3 cell lines with doxycycline-inducible WT caspase-2 or TIM
mutant caspase-2 expression were created using the Retro-X Tet-On Advanced Inducible
Expression System from Clontech according to the manufacturer’s instructions. Briefly,
HeLa S3 cells were infected with retrovirus encoding the tetracycline-controlled
transactivator rrTA-Advanced and selected with 500 ug/mL G418 (Hyclone). Next, cells
were infected with retrovirus encoding either pRetroX-Tight-Pur-Caspase-2-WT-FLAG
or pRetroX-Tight-Pur-Caspase-2-TIM-FLAG and selected with 1 ug/mL puromycin

(Sigma Aldrich). Expression was induced using doxycycline (Sigma Aldrich).
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2.3.2 Cell treatments
2.3.2.1 Chemical inhibitors

N-Acetyl-L-cysteine (NAC; A7250), Triacsin C (T4540), Myriocin (M1177),
Etomoxir (E1905), and Palmitoyl trifluoromethyl ketone (PACOCFs; P8727) were

obtained from Sigma Aldrich.

2.3.2.2 Lipid treatments

Solutions containing fatty acid sodium salts bound to albumin were prepared
from stock solutions of the fatty acid sodium salt (100 mM) and fatty acid-free BSA (2%).
For example, 28 mg of sodium palmitate was dissolved in 1 ml of sterile water at 70 °C,
and this solution was added to cell culture medium containing 2% fatty acid-free BSA.
These solutions were used after filtration through 0.22-um filters. All fatty acid salts
were purchased from Sigma Aldrich with the exception of sodium palmitoleate, which
was purchased from Nu-Chek Prep, Inc. Bovine Serum Albumin (Fraction V; heat shock;
fatty acid ultra-free) was purchased from Roche Applied Science. One-palmitoyl-sn-
glycero-3-phosphocholine (lysophosphatidylcholine or LPC; from Sigma Aldrich, L5254)

was dissolved in DMSO and DMEM (1:1) at a stock concentration of 25 mM.

2.4 Mouse studies

Male wild-type (WT) mice C57BL/6 were obtained from Jackson Laboratory (Bar

Harbor, Maine, USA). Animals were fed methionine choline-deficient (MCD) diets (MP
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Biomedicals, Solon, Ohio, USA) for 4 and 8 weeks, respectively. Equal numbers of mice
were fed standard rodent food (4.7 kcal/g: 13% calories as fat, 62% carbohydrates and
24% proteins).

In a second experiment, caspase-2—/- (B6.129SY-casp2tm1Yuan/J) and
appropriate control mice were purchased from Jackson Laboratory (Bar Harbor, Maine,
USA). Five animals per group were fed high-fat (HF)/MCD diets or the same HF diet
supplemented with methionine and choline (MP Biomedicals) for 8 weeks. The HF diets
provided 4.5 kcal/g: 20% calories as fat, 58% carbohydrates and 22% proteins. At the end
of treatment, mice were fasted for 6 h and sacrificed. Livers were harvested and either
formalin-fixed or snap frozen.

Animal care and procedures were approved by the Duke University Institutional
Animal Care and fulfilled National Institutes for Health and Duke University IACUC

requirements for humane animal care.

2.5 Human samples

Liver biopsies from liver transplant donors (n=4) and adult patients with simple
steatosis (n=4), NASH with no or mild fibrosis (n=5) and NASH-cirrhosis (n=5) were
randomly selected from Duke University Health System NAFLD Clinical Database and
Biorepository. Patients with histological NASH had no significant alcohol consumption
or other chronic liver disease. Studies were conducted in accordance with National

Institutes of Health and institutional guidelines for human subject research.
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2.6 Lysate preparations
2.6.1 Mammalian cell culture lysate preparations

After DMEM removal, cells were harvested by cell scraping in PBS. Cells were
centrifuged at 4°C at 500 xg for 5 minutes, and cell pellets were resuspended in RIPA
lysis buffer (50 mM Tris pH 7.5, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.25% NaDoC, 5
pg/ml each aprotinin and leupeptin). Cells were vortexed for 15 seconds every 5 minutes
for 20 minutes and placed on ice in between vortexing. Lysates were centrifuged at 4°C
at 16.1 xg for 10 minutes and the supernatants were collected. Total protein
concentration was measured using the Bio-Rad protein assay reagent and total protein

was normalized between samples.

2.6.1.1 Co-Immunoprecipitations

Cells were lysed as in 2.6.1, except that the cell pellets were instead resuspended
in Co-IP lysis buffer (20 mM HEPES, 150 mM NaC(l, 1.5 mM MgClz, 2 mM EGTA, 0.5%
Triton x-100, 5 pug/ml each aprotinin and leupeptin). Equal amounts of total protein
between samples (0.5-1 mg total proteins) was added to 15-20 ul the appropriate affinity
gel (either ANTI-FLAG M2 Affinity Gel or Anti-c-Myc Agarose Affinity Gel, both from
Sigma Aldrich) that had been washed with PBS followed by lysis buffer. Affinity-gel and
lysates were incubated with rotating overnight at 4°C. Affinity gel was washed with 5
mLs lysis buffer followed by 2 mLs PBS, and bound proteins were eluted with 2X SDS

Sample buffer at 90°C.
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2.6.2 Mouse liver lysate preparations

Total proteins were extracted from snap frozen whole liver using radio-
immunoprecipitation assay (RIPA) buffer (Sigma Aldrich) supplemented with

phosphatase and protease inhibitors (Roche).

2.7 Gel Filtration

293T cells were treated with 2% BSA or 2% BSA + 1 mM palmitate for 18 h before
lysis by Dounce homogenization in hypotonic lysis buffer (20 mM HEPES (pH 7.5), 10
mM KCl, 1.5 mM MgCl2,1mM EDTA, 1 mM EGTA, 1 mM DTT, and 5 pg/ml each
aprotinin and leupeptin). Lysates were centrifuged at 4°C for 15 min at 16.1 xg, and
protein concentration of the supernatant was determined using the Bio-Rad protein
assay reagent. 500 ul of 8 mg/ml lysates was loaded onto a Superdex 200 column at a

flow rate of 0.3 ml/min to collect fractions.

2.8 Imaging
2.8.1 Cell culture imaging

Phase-contrast images were captured on an EVOS FL digital inverted

microscope.

2.8.2 Tissue imaging

Formalin-fixed, paraffin-embedded liver biopsies were cut into 5 pm serial
sections. NAFLD severity was assessed with haematoxylin and eosin staining using the

NAFLD activity score criteria defined by the Nonalcoholic Steatohepatitis Clinical
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Research Network. For immunohistochemistry, sections were deparaffinised with
xylene and rehydrated. Slides were incubated in 3% hydrogen peroxide/methanol.
Antigen retrieval was performed by heating in 10 mM sodium citrate (pH 6.0). Sections
were incubated overnight with caspase-2 antibody and horseradish peroxidase-
conjugated secondary antibody was used followed by treatment with diaminobenzidine
(K3466; Dako Envision). Specificity was demonstrated by omitting primary antibodjies.
Mouse tissue sections were counterstained with Aqua Hematoxylin-INNOVEX (Innovex
Biosciences). Morphometric analysis was done with Metamorph Software (Molecular
Devices). Immunohistochemistry antibodies are specified in section 2.2. Liver fibrosis
was assessed by Picrosirius red (Sigma Aldrich) staining and morphometric analysis
was used for quantification in randomly chosen sections (20 fields/sample). Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay

(Boehringer Mannheim) was performed according to the manufacturer’s instructions.

2.9 Cell Death Assays
2.9.1 Propidium lodide Staining and Flow Cytometry

Following control or apoptosis-inducing stimulus, cell media was collected, cells
were washed with PBS and PBS was collected, and cells were harvested after incubation
with 0.25% Trypsin-EDTA (Gibco by Life Technologies). Cells were centrifuged at 4°C at
500 xg for 5 minutes and cells were resuspended in 1 pug/ml propidium iodide (PI)

(dissolved in PBS), and kept on ice until analysis. PI staining was quantitated using a
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three color FACScan analyzer from BD Biosciences and BD’s Cell Quest acquisition and

analysis software.

2.9.2 Caspase-2 activity assay

Caspase-2 activity assays were performed according to the Caspase-2

Colorimetric Assay Kit specifications (BioVision, Inc.; K117).

2.8 Proteomics
2.8.1 Sample Preparation

Proteomics samples were prepared by immunoprecipitating overexpressed
caspase-2-C320A-FLAG using ANTI-FLAG M2 Affinity Gel from 293T cells that had
been treated with BSA or palmitate for 18 hours. A control cell lysate without caspase-2
overexpression was used to eliminate nonspecific binders in the final results. We eluted
caspase-2 interactors using 200 pg/ml 3X FLAG peptide (Sigma Aldrich, F4799). To
reduce 3X FLAG peptide contamination, samples were spun through Zeba Desalt Spin

Columns (Thermo Scientific, 89889).

2.8.2 LC/MS/MS (performed by Duke Proteomics Core)

Initial sample volumes were reduced in Speed Vac to 15 ul and Bradford assay
was performed. Protein yields were between 1 and 2.5 ug total. All protein from each
was digested and then taken to dryness in Speed Vac after acidification. Each sample

was reconstituted in 12 ul of 200 mM ammonium formate which contained 100 fmol
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ADH total. Each sample was run 1x 3-fraction 2D-LC/MS/MS (DDA), injecting 5 ul from

each. All runs were loaded into Scaffold to identify potential interactors.

2.9 mRNA Quantification

mRNA quantification was performed using real-time reverse transcription-PCR
(RT-PCR). Total RNA was extracted from livers with TRIzol (Invitrogen). RNA was
reverse transcribed to cDNA using random primer and Super Script RNAse H-Reverse
Transcriptase (Invitrogen) and amplified. Semi-quantitative qRT-PCR was performed
using iQ-SYBR Green Supermix (Bio-Rad) and StepOne Plus Real-Time PCR Platform
(ABI/Life Technologies) using primers for target sequences and the ribosomal 59
housekeeping gene. Parameters for qRT-PCR were as follows: 1 cycle at 95°C for 3
minutes, 40 cycles at 95°C for 10 seconds and annealing/extension at the optimal primers
temperatures for 60 seconds. Threshold cycles (Ct) were automatically calculated by the
StepOne Plus Real-Time Detection System. Target gene levels in the cells are presented
as a ratio to levels detected in the corresponding control cells according to the 2-
aact method. The primers used were as follows: S9 For
(GACTCCGGAACAAACGTGAGGT) and S9 Rev (CTTCATCTTGCCCTCGTCCA);
Caspase-2 For (CAATGCTAACTGTCCAAGTCTA) and Caspase-2 Rev
(GGGATTGTGTGTGGTTCTT); a-SMA For (GTGGGGGACGAAGCGCAGAG) and a-
SMA Rev (GGCCTTAGGGTTCAGCGGCG); and Collal For

(TTCCCTGGACCTAAGGGTACT) and Collal Rev (TTGAGCTCCAGCTTCGCC).

60



2.10 Statistics

Results were expressed as mean + SEM. Significance was established using a
two-tailed Student’s t test or Mann-Whitney test, and Spearman’s correlation, with

significance at p<0.05.
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3. Role of Caspase-2 in Lipoapoptosis in vitro

A portion of this chapter is adapted from the following publication:
Johnson, E. S., Lindblom, K. R., Robeson, A., Stevens, R. D., Ilkayeva, O. R., Newgard, C.
B., Kornbluth, S., and Andersen, J. L. (2013) Metabolomic profiling reveals a role for

caspase-2 in lipoapoptosis. The Journal of biological chemistry 288, 14463-14475

3.1 Introduction

As discussed in section 1.4.2, several processes contribute to an excess of lipids,
especially detrimental free fatty acids (FFAs), in the liver. First, obesity and insulin
resistance promote dysregulation of adipose tissue lipolysis, leading to FFA elevation in
the circulation. As a result, non-adipose tissues like the liver inappropriately take up
these excess FFAs. In addition, obese individuals frequently experience increased de novo
lipogenesis in the liver and fail to export sufficient triglycerides through VLDL secretion.
In sum, this excess of lipids within hepatocytes can lead to chronic cellular dysfunction
called lipotoxicity. This metabolic stress then leads to cell death, termed lipoapoptosis.

Lipoapoptosis shares many key features with the intrinsic pathway of apoptosis,
including MOMP, cytochrome c release, and executioner caspase activation (148). As
discussed earlier, MOMP is governed by the Bcl-2 family of proteins, and family
members PUMA and Mcl-1 have been noted to regulate lipoapoptosis (149,150).
However, the molecular mechanisms by which FFAs activate the intrinsic apoptosis

pathway are still not well understood.
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Caspase-2 has been noted to regulate metabolic stress-induced apoptosis in
multiple contexts. For example, caspase-2 initiates the caspase signaling cascade in the
Xenopus egg extract system. Incubation of Xenopus egg extract at room temperature is
considered a model of metabolic stress because supplementation with the metabolite
glucose-6-phosphate can suppress caspase-2 activation through an inhibitory
phosphorylation on S135 (Xenopus numbering). Interestingly, this prolonged metabolic
stress in the egg extract includes an accumulation of long chain fatty acid (LCFA)
metabolites. Suppression of this LCFA metabolite accumulation can suppress caspase-2
activity, while early supplementation of the saturated FFA palmitate can accelerate
caspase-2 activity and cleavage. These data suggest caspase-2 might also promote
lipoapoptosis in mammalian cells in response to excess LCFAs.

To characterize the role of caspase-2 in lipid stress-induced apoptosis in
mammalian cells, we analyzed lipid-induced caspase-2 activation through multiple
assays to examine oligomerization, enzyme activity, and cleavage. We show here that
caspase-2 is clearly engaged and activated in response to palmitate, a saturated FFA
known to promote lipoapoptosis. In addition, siRNA-mediated down-regulation of
caspase-2 expression can prevent cell death in response to saturated FFAs, indicating
that caspase-2 is necessary for this cell death. Interestingly, we also found that the
toxicity of FFAs is dependent upon their activation to acyl-CoA metabolites and that

lipoapoptosis is reduced by inhibiting the conversion of phosphatidylcholine to
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lysophosphatidylcholine (LPC). Caspase-2 down-regulation can repress apoptosis in
response to saturated LPC, indicating this metabolite might be important for induction
of apoptosis. Overall, these results suggest lipotoxicity activates caspase-2 and reduction
of caspase-2 expression can prevent lipoapoptosis. These findings may have clinical
implications for diseases associated with lipoapoptosis, particularly non-alcoholic

steatohepatitis (NASH).

3.2 Results
3.2.1 Palmitate promotes caspase-2 activation

To extend the Xenopus egg extract findings to mammalian cells, we first wanted
to determine if caspase-2 is activated in response to lipotoxicity. To test this, we
transfected human embryonic kidney 293T cells with siRNA directed against caspase-2
or a scrambled siRNA control. Cells were then treated with the saturated FFA palmitate
for 18 hours. We assessed cleavage of the model caspase-2 substrate, VDVAD-pNA, as a
readout of caspase-2 enzyme activity. Enzymatic activity of caspase-2 is increased
following palmitate treatment (Figure 3.1A). In addition, the increase in substrate
cleavage appeared to be specific to caspase-2, as knockdown blocks substrate cleavage
(Figure 3.1A). Since caspase-2 has been shown to undergo proteolytic processing
following activation, we also assessed caspase-2 cleavage by immunoblotting for

caspase-2 after palmitate treatment. We observed an increase in the p37 and p12
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Figure 3.1: Palmitate promotes caspase-2 activation

A. 293T cells were transfected with siRNA targeting either a scrambled control (siCTRL)
or caspase-2 (CASP2). 48 hours post-transfection, cells were mock-treated with BSA or
with 1 mM palmitate for 18 hrs, and caspase-2 activity was assessed using the BioVision
caspase-2 colorimetric assay kit. Knockdown efficiency compared to an actin control was
determined by immunoblot. The results represent the mean * standard error of the mean
(SEM, error bars) for percent increase in caspase-2 activity compared with the control
siRNA, mock-treated samples for three independent experiments. Statistical significance
was determined using a two-tailed Student’s t test. *, p<0.05 versus control. B. 293T cells
were treated with BSA or palmitate for 24 hours, lysed, and caspase-2 cleavage and actin
loading were assessed by immunoblotting.
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subunits of caspase-2, indicating that palmitate promotes caspase-2 cleavage (Figure
3.1B).

As an initiator caspase, caspase-2 is known to form protein complexes as a means
of activation in response to some pro-death stimuli (see section 1.2.3.4) To test whether
palmitate induces caspase-2 oligomerization, we used gel filtration chromatography on
293T cell lysates from palmitate-treated and mock-treated cells. Palmitate treatment
causes a robust recruitment of caspase-2 to high molecular weight fractions, indicating
that caspase-2 forms a large protein complex in response to palmitate (Figure 3.2A).
Furthermore, we assessed whether the caspase-2 model substrate was cleaved in each of
the fractions from the gel filtration chromatography and found the most robust activity
in these same high molecular weight fractions (Figure 3.2B). Overall, these studies

demonstrate that palmitate treatment of 293T cells induces caspase-2 activation.

3.2.2 Caspase-2 is required for saturated FFA-induced cell death in
293T cells

Next, we wanted to determine whether caspase-2 is necessary for the cell death
resulting from palmitate treatment. To test this, we transfected cells with siRNA directed
against caspase-2 or with a scrambled siRNA control, then treated cells with palmitate
for 24 hours. Following palmitate treatment, we captured images of the cells to
qualitatively assess cell death (Figure 3.3A), and measured cell death quantitatively
using propidium iodide (PI) staining and flow cytometry (Figure 3.3B). In both cases, we

found that caspase-2 knockdown clearly preserves cell viability after palmitate
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Figure 3.2: Palmitate promotes caspase-2 oligomerization

A. 293T cells were mock-treated with BSA or palmitate for 18 hrs before lysis by dounce
homogenization in hypotonic lysis buffer. Cell lysates were separated on a Superdex 200
column and relevant fractions were immunoblotted for caspase-2. B. Fractions from A
were assessed for caspase-2 activity using the BioVision caspase-2 colorimetric assay Kkit.
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Figure 3.3: Caspase-2 is required for palmitate-induced cell death in 293T cells

A. 293T cells were transfected as in Figure 3.1A and mock-treated with BSA or 1
mM palmitate for 24 hrs. Phase-contrast imaged were captured. B. Cell death was
analyzed in the cells from A using propidium iodide (PI) staining and flow cytometry.
The results represent the mean + SEM (error bars) for four independent experiments.
Statistical significance was determined using a two-tailed Student’s t test. ¥, p<0.05
versus control
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treatment, indicating that expression of this protease is required for palmitate-induced
apoptosis.

Previous studies have indicated that saturated FFAs are more cytotoxic than
unsaturated FFAs (see section 1.4.2.1). To validate these results and test the involvement
of caspase-2 in cell death by a panel of FFAs, we treated scrambled control or caspase-2
knockdown 293T cells with the monounsaturated fatty acids palmitoleate (16:1) and
oleate (18:1) and the saturated fatty acids palmitate (16:0) and stearate (18:0). Viability of
treated cells was assessed by PI staining and flow cytometry. As expected, only
saturated FFAs cause significant cell death (Figure 3.4). Caspase-2 knockdown is able to
suppress both palmitate and stearate-induced cell death, indicating that caspase-2 is a
general initiator of lipoapoptosis in response to saturated FFAs. Furthermore, since
unsaturated FFAs have been shown to inhibit the lipotoxicity of saturated FFAs, we
combined oleate with palmitate and stearate, respectively, and assessed cell viability.
Consistent with previous findings, oleate is able to protect cells from saturated FFA

toxicity and prevent caspase-2-dependent lipoapoptosis (Figure 3.4).

3.2.3 Caspase-2 is required for palmitate-induced cell death in
cultured hepatocytes

Next, we wanted to extend our findings in 293T cells to hepatocytes, as
hepatocyte lipoapoptosis is critical for the pathogenesis and progression of NASH (see

section 1.4.2.1). We tested three liver-derived cell lines as a preliminary in vitro model for

69



40
* *
3 | [ []
30 A
25 -
E
.E
g 20 DsiCTRL
&
= msiCASP2
15 4
10
5 _
0
Mock Oleate Palmitoleate | Palmitate Stearate | Palmitate Stearate
+ Oleate

Figure 3.4: Caspase-2 is required for saturated free fatty acid-induced cell death

293T cells were transfected as in Figure 3.1A and mock-treated with BSA or 1 mM of
each fatty acid listed for 24 hrs. Combination treatments were treated with 1 mM of each

fatty acid. Cell death was assessed with PI staining and flow cytometry. The results

represent the mean + SEM (error bars) for four independent experiments. Statistical
significance was determined using a two-tailed Student’s t test. ¥, p<0.05 versus control
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NASH: HepG2 and Hep3B cells, both human hepatocellular carcinoma cell lines, and
AML-12 cells, a normal mouse hepatocyte cell line. We used control or caspase-2
targeted siRNA in each cell line to test whether caspase-2 expression is necessary for
hepatocyte lipoapoptosis. In each cell line, we observed a significant decrease in
palmitate-induced cell death with caspase-2 knockdown, quantitated with PI staining
and flow cytometry (Figure 3.5). We did observe some cell death with caspase-2
knockdown after palmitate treatment, likely because of residual expression of caspase-2

after siRNA transfection.

3.2.4 Acyl-CoA Synthetase and Phospholipase A: activity contribute
to the lipotoxicity of palmitate

In some settings, the ability of unsaturated FFAs to suppress the lipotoxicity of
saturated FFAs has been attributed to reductions in both reactive oxygen species (ROS)
and ceramides (151,152). Ceramide has long been considered a “pro-apoptotic lipid,”
and has been implicated in caspase-2 activation (153-155). Generation of ceramide
downstream of palmitate can be inhibited with the drug myriocin, which inhibits the
enzyme, serine palmitoyl-transferase (Figure 3.6). To determine if the toxicity of
palmitate is dependent on ROS or ceramide generation, we co-treated cells with
palmitate and the ROS scavenger N-acetyl-L-cysteine (NAC) or the drug myriocin,

respectively. In both cases, we did not see any effect on cell viability (Figure 3.7A and
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Figure 3.5: Caspase-2 is required for palmitate-induced cell death in hepatocytes

HepG2, Hep3B, and AML-12 cells were transfected as in Figure 3.1A and mock-
treated with BSA or 700 uM palmitate for 24 hrs. PI staining and flow cytometry were
used to assess cell death. Knockdown efficiency compared to an actin control was
assessed by immunoblotting. The results represent the mean + SEM (error bars) for three
or more independent experiments. Statistical significance was determined using a two-
tailed Student’s t test. ¥, p<0.05 versus control
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Figure 3.6: Metabolic fate of free fatty acids

Schematic demonstrating the potential metabolic fate of a free fatty acid (FFA) such as
palmitate. A FFA can undergo a number of reactions for incorporation into ceramide,
and the first reaction is catalyzed by the enzyme serine palmitoyltransferase. This
reaction can be inhibited by the drug myriocin. A FFA can also be activated by
conjugation of a CoA molecule by the enzyme Acyl-CoA synthetase. This reaction can be
inhibited with the drug Triacsin C. A FA-CoA can then be converted to a FA-carnitine
by the enzyme carnitine acyltransferase in order to enter the mitochondria.
Mitochondrial import is mediated by the enzyme carnitine palmitoyltransferase-1,
which can be inhibited by the drug etomoxir. A FA-CoA can also be incorporated into
lysophosphatidic acid (LPA) by the enzyme G3P acyltransferase. LPA can then form
phosphatidic acid (PA) with the addition of an acyl-CoA by the enzyme LPA
acyltransferase. PA can then be converted to diacylglycerol (DAG) by the enzyme PA
phosphatase. DAG can be converted to triacylglycerol (TAG), or triglyceride, by the
enzyme DAG acyltransferase. DAG can also be converted to phosphatidylcholine (PC)
with the addition of cytidine diphosphate-choline (CDP-choline) by the enzyme DAG
cholinephosphotransferase. PC can also be converted to lysophosphatidylcholine (LPC)
by the enzyme phospholipase A:. This reaction can be inhibited by the drug palmitoyl
trifluoromethyl ketone (PACOCEs).
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Figure 3.7: Palmitate-induced cell death is not rescued by a ROS scavenger or serine
palmitoyltransferase inhibition

A and B. 293T cells were mock-treated with BSA or treated with 1 mM palmitate,
with or without 5 mM N-acetyl-L-cysteine (NAC) (A) or 5 uM myriocin (B) for 24 hours.
Cell death was assessed through PI staining and flow cytometry. The results represent
the mean + SEM (error bars) for three or more independent experiments.
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3.7B). These data indicate that ROS and ceramide generation may not be key for
inducting apoptosis in our system.

Next, we investigated whether conjugation of CoA molecules to the FFA,
palmitate, is necessary for promoting toxicity. To test this, we concurrently treated cells
with palmitate and inhibited the enzyme long-chain acyl-CoA synthetase with the
compound triacsin ¢ (Figure 3.6). We found that inhibition of acyl-CoA formation
completely abrogates both caspase-2 enzymatic activity (Figure 3.8A) and lipoapoptosis,
as assessed through microscopy (Figure 3.8B).

Downstream of acyl-CoA formation, CoA can be replaced by a carnitine
molecule, which is necessary for import of acyl-CoAs into the mitochondria for beta
oxidation. To test whether mitochondrial import is required for palmitate lipotoxicity,
we co-treated cells with palmitate and the carnitine palmitoyltransferase-1 inhibitor,
etomoxir (Figure 3.6). Etomoxir has no effect on caspase-2 enzyme activity (Figure 3.8A)
or cell viability (Figure 3.8B) after palmitate treatment, indicating beta oxidation is not
required for lipoapoptosis.

We next wanted to determine if phospholipase A: activity is required for the
lipotoxicity of palmitate. Phospholipase Az converts PC into LPC, and its activity can be
inhibited with the compound Palmitoyl trifluoromethyl ketone (PACOCEs).
Phospholipase A: inhibition moderately reduces palmitate-induced lipoapoptosis

(Figure 3.9A), indicating LPC formation is a contributing factor in the lipotoxicity of

75



[3 B = 7 BN ]
o o o

3]
(=]

=
o o

% Increase in Caspase-2 Activity
F=
[=]

1
0 I
10 4
Mock Palmitate Palmitate + Palmitate+
Etomoxir Triacsin C

Mock Palmitate Palmitate + Etomoxir Palmitate + Triacsin C

Figure 3.8: Caspase-2 mediates palmitate-induced lipoapoptosis via acyl-CoA
cytotoxicity

A. 293T cells were mock-treated with BSA or with 1 mM palmitate for 24 hrs
with or without 200 uM etomoxir or 5 uM triacsin C. At 24 hrs post-treatment, caspase-2
activity was assessed using the BioVision caspase-2 colorimetric assay kit. The results
represent the mean + SEM (error bars) for percent increase in activity compared with
mock-treated samples for four independent experiments. Statistical significance was
determined using a two-tailed Student’s t test. *, p<0.05 versus control. B. Cells were
treated as in A and phase-contrast images were captured with an EVOS FL digital
inverted microscope.
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Figure 3.9: Caspase-2 mediates lysophosphatidylcholine-induced cell death

A. 293T cells were mock-treated with BSA or with 1 mM palmitate for 24 hrs
with or without 100 uM PACOCEs. B. 293T cells were transfected as in 3.1A and treated
mock-treated or treated with 100 uM LPC for 24 hrs. For both A and B, cell death was
assessed through PI staining and flow cytometry. The results represent the mean + SEM
(error bars) for three or more independent experiments. Statistical significance was
determined using a two-tailed Student’s t test. ¥, p<0.05 versus control.
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palmitate, but other species are likely to contribute as well. Because saturated LPC has
been implicated as a cytotoxic lipid species, we wanted to determine if caspase-2 is
required for LPC-induced apoptosis. Using siRNA directed against caspase-2 or a
scrambled control, we found that knockdown of caspase-2 expression is able to abrogate
LPC-induced cell death (Figure 3.9B). This finding indicates that caspase-2 initiates

lipoapoptosis in response to both saturated FFAs and LPC species.

3.3 Discussion

With a NAFLD prevalence of up to 40% in the United States, it is becoming
increasingly important to understand the pathogenesis of NAFLD and its progression to
NASH. The fibrosis associated with NASH after liver cell death is irreversible and can
lead to liver failure or cirrhosis, and lipoapoptosis is considered a key mediator of this
progression. A better understanding of the key events leading to lipoapoptosis may
reveal druggable targets to prevent this progression.

In this chapter, we first demonstrated that caspase-2 is activated in response to
the saturated FFA palmitate. Both the enzymatic activity and cleavage of caspase-2 are
increased after treating 293T cells with palmitate. We also demonstrated that caspase-2
expression is necessary for lipoapoptosis in response to the saturated FFAs palmitate
and stearate, indicating that this mechanism is not restricted to palmitate induced-cell
death. In addition, gel filtration chromatography indicates that caspase-2 is recruited to

a high molecular weight complex after palmitate treatment, and it is within these
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fractions that caspase-2 enzymatic activity is highest. The canonical mechanism of
activation for caspase-2 is that the proteins RAIDD and PIDD form a complex with
caspase-2 in order to induce caspase-2 dimerization and activation. In some
circumstances, RAIDD and PIDD are dispensable for caspase-2 activation, so it remains
to be determined whether they are required for lipoapoptosis.

To analyze the types of lipid species that activate caspase-2 even further, we
investigated which metabolic pathways are necessary for lipoapoptosis. We found that
activation of free fatty acids by CoA conjugation is required for the lipotoxicity of
palmitate. We also saw that inhibiting the conversion of phosphatidylcholine to LPC can
moderately reduce lipoapoptosis, and that caspase-2 is required for saturated LPC-
induced cell death. This finding is of interest because LPC has been reported to act as a
ligand for GPCRs (156). This opens up the question of whether caspase-2 is activated
downstream of GPCR activation, or whether LPC is acting through another mechanism.
Since FFAs can be released from LPC along with glycerophosphocholine, it is possible
that the toxicity of this species is due to this flux between these different lipid molecules.

Finally, we demonstrated that caspase-2 is required for hepatocyte lipoapoptosis
in multiple liver-derived cell lines. This is especially important because lipoapoptosis is
so critical in the progression of NAFLD to NASH. Targeting caspase-2 could be a

relevant therapeutic strategy to prevent irreversible fibrosis from occurring. However,
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since these studies were all performed in tissue culture cells, it is difficult to assess the

relevance of caspase-2 in NASH in vivo. This concern will be addressed in Chapter 4.
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4. Role of Caspase-2 in Lipoapoptosis in vivo

This chapter is adapted from the following publication:

Machado, M. V., Michelotti, G. A., Pereira Tde, A., Boursier, ]., Kruger, L., Swiderska-
Syn, M., Karaca, G., Xie, G., Guy, C. D., Bohinc, B., Lindblom, K. R., Johnson, E.,
Kornbluth, S., and Diehl, A. M. (2014) Reduced lipoapoptosis, hedgehog pathway
activation and fibrosis in caspase-2 deficient mice with non-alcoholic steatohepatitis. Gut

64, 1148-1157

4.1 Introduction

As discussed in Chapters 1 and 3, lipoapoptosis is considered a key event in the
progression of the widespread liver disease, NAFLD, to the very severe form, NASH.
Dying hepatocytes secrete factors that promote an increase in myofibroblasts, inducing a
wound repair response that involves the secretion of collagen (157). This compensatory
response promotes irreversible liver fibrosis and can ultimately lead to liver failure, or
cirrhosis. Inhibition of this hepatocyte apoptosis may be a promising strategy to prevent
this liver fibrosis.

In Chapter 3, we demonstrated that caspase-2 promotes lipoapoptosis in cultured
hepatocyte cell lines. Caspase-2 enzymatic activity is increased in response to the
saturated FFA palmitate. Knockdown of caspase-2 expression significantly reduces
palmitate-induced cell death, indicating that caspase-2 is necessary for hepatocyte

lipoapoptosis in culture. In order to determine if caspase-2 could be an effective
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therapeutic target to prevent lipoapoptosis in the progression from NAFLD to NASH,
we next determined whether caspase-2 is necessary for lipoapoptosis in vivo.

In both NASH patient biopsy samples and samples from a mouse model of
NASH, we observed an upregulation in expression of caspase-2. This finding supports a
role for caspase-2 in lipoapoptosis in vivo. To explore this further, we fed WT and
caspase-2 knockout mice a NASH-inducing diet and saw a reduction in both hepatocyte
apoptosis and fibrosis. These results indicate that caspase-2 is critical for the
pathogenesis of NASH in a mouse model. Inhibition of this enzyme should be further

studied to determine if this strategy can also improve liver function in patients.

4.2 Results
4.2.1 Caspase-2 staining is increased in patients with NASH

As a first step in investigating whether caspase-2 is important for developing
NASH in humans, we used immunohistochemistry to stain for caspase-2 in liver
samples from healthy controls and 3 progressive stages of liver disease: simple steatosis
(NAFLD), NASH with low fibrosis, and NASH with cirrhosis. We observed increased
caspase-2 staining in samples across the range of liver disease stages compared to
healthy controls, with the highest levels of staining in the most severe form, NASH
cirrhosis (Figure 4.1). Although it is unclear whether increased caspase-2 is the cause or
consequence of worsened NAFLD progression, this data indicates that caspase-2 may

indeed play a role in human NASH.
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Figure 4.1: Caspase-2 staining is increased in patients with non-alcoholic
steatohepatitis (NASH)

A. Caspase-2 immunohistochemistry (brown) in representative human healthy
livers (n=4), patients with simple steatosis (n=4), NASH with no or mild fibrosis (n=5)
and NASH-associated cirrhosis (n=5). B. Morphometric analysis of caspase-2 staining in
all patients. Results are expressed as fold change over data in healthy liver and graphed
as mean + SEM.*, p<0.05; **, p<0.01 for normal livers versus all other groups.
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4.2.2 Caspase-2 expression is increased in mice fed the MCD diet

In order to investigate the role of caspase-2 in NASH progression, we turned to
common animal models of NASH. First, we assessed caspase-2 mRNA and protein
levels in WT C57BL/6 mice fed a control chow diet or a methionine-choline deficient
(MCD) diet. The methionine-choline deficient diet inhibits VLDL export from the liver
and increases fatty acid uptake, leading to steatosis and fibrosis, similar to what is seen
in NASH patients (158). The MCD diet also effectively doubles the amount of the
saturated fatty acids palmitate and stearate in the liver of C57BL/6 mice in contrast to
those fed a control diet, while not significantly changing unsaturated palmitoleate and
oleate levels (130). By qRT-PCR and western blotting, we saw a significant increase in
both caspase-2 mRNA (Figure 4.2A) and protein (Figure 4.2B) in mice fed the MCD diet
for 8 weeks. In addition, we used immunohistochemistry (IHC) to assess caspase-2
staining in WT mice fed a chow diet or the MCD diet for 4 or 8 weeks, and found
progressive and significant increases in caspase-2 morphometry in these NASH model

mice, in line with what was seen in patient samples (Figure 4.2C).

4.2.3 Caspase-2 knockout mice are protected from MCD-diet induced
hepatocyte apoptosis

To definitively test whether caspase-2 expression affects hepatocyte apoptosis in
a mouse model of NASH, we utilized a genetic constitutive caspase-2 knockout mouse.
First, we fed WT or caspase-2 knockout mice either a high fat (HF) diet or HF + MCD

diet to induce NASH and then assessed apoptosis. On the HF diet, WT mice develop
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Figure 4.2: Caspase-2 expression is increased in a mouse model of NASH

A. qRT-PCR analysis of caspase-2 mRNA in WT mice fed chow (n=7) or MCD
diet (n=6). B. Inmunoblotting for caspase-2 and a-tubulin in WT and MCD diet-fed
mice. C. Caspase-2 immunohistochemistry from representative WT mice fed chow diet
or MCD diet for 4 weeks or 8 weeks. Morphometric analysis of caspase-2 staining in all
mice (n=3/group). **,<0.01, control versus MCD diet; },<0.01 8 versus 4 weeks MCD diet.
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mild steatosis, while a HF + MCD diet induces severe steatosis, lobular inflammation,
hepatocyte apoptosis, and fibrosis. Caspase-2 knockout mice had similar levels of
steatosis and inflammation on the HF + MCD diet. However, there was a significant
decrease in both activated caspase-3, an executioner caspase downstream of caspase-2,
and Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL)
staining (Figure 4.3). TUNEL staining labels terminal nucleic acids to detect DNA
fragmentation characteristic of late stage apoptotic cells (159). These data indicate that
caspase-2 expression is necessary for hepatocyte apoptosis in response to the MCD diet.
4.2.4 Caspase-2 knockout mice are protected from MCD-diet induced
liver fibrosis

Since hepatocyte lipoapoptosis is believed to promote liver fibrosis in human
NASH, we wanted to evaluate the activation of hepatic stellate cells (HSCs) and the
degree of fibrosis present in WT and caspase-2 knockout mice fed the HF and HF + MCD
diets. HSCs are a quiescent liver cell population under homeostatic conditions, but are
activated in response to liver injury to secrete collagen as part of a wound healing
process. Upon activation, HSCs transition into myofibroblast-like cells and increase
expression of a smooth muscle actin (a(SMA) (160). We assessed HSC activation and
collagen secretion through Sirius red staining (for collagen, Figure 4.4A) and IHC for

collagen-1a (Figure 4.4B) and aSMA (Figure 4.4C), and found that caspase-2 knockout
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Figure 4.3: Caspase-2 knockout (KO) mice are protected from MCD-diet induced
hepatocyte apoptosis
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A. Cleaved caspase-3 immunohistochemistry from liver sections from
representative mice. Cleaved caspase-3-positive cells were counted and graphed as
mean = SEM (n=5 mice/group). B. Transferase-mediated dUTP nick-end labelling
(TUNEL) assay staining in sections from representative mice. TUNEL-positive cells were
counted and graphed as mean + SEM (n=5 mice/group). White bars = HF diet; black bars
= HF + methionine choline-deficient (MCD) diet; *,<0.05 and **,<0.01, HF versus HF-
MCD diet; 1,<0.05 and £,<0.01, WT versus caspase-2 KO mice.
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Figure 4.4: Caspase-2 KO mice are protected from MCD-diet induced liver fibrosis

A-C. Sirius red (A), collagen-1a (B) and aSMA (C) staining from sections from
representative mice. Morphometric analysis in all mice expressed as mean + SEM. D.
qRT-PCR analysis of liver RNA for collagen-1a (left) and aSMA (right) normalized to

expression in high-fat (HF) diet-fed wild-type (WT) mice and expressed as mean + SEM.
White bars = HF diet; black bars = HF+MCD diet. *,<0.05 and **, <0.01, HF versus HF-
MCD diet; 1,<0.05 and 1<,0.01, WT versus caspase-2 KO mice.
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mice fed the HF + MCD diet had significantly less HSC activation and collagen staining
compared to their WT counterparts fed the same diet. We also quantitated total liver
mRNA transcript levels for aSSMA and collagen-1a, and similarly found decreased levels
of these fibrotic markers in caspase-2 knockout mice on the HF + MCD diet (Figure
4.4D). These data indicate that caspase-2 expression is necessary for MCD-diet induced
liver fibrosis, and further support the concept that lipoapoptosis is a critical upstream

event for liver fibrosis.

4.3 Discussion

In this chapter, we found that caspase-2 expression is increased in liver samples
both from patients with severe NASH and from mice fed a MCD diet. This increased
caspase-2 expression promotes the hepatocyte lipoapoptosis and fibrosis seen in the
human disease. Our data are exciting because it not only suggests caspase-2 is relevant
for lipoapoptosis in the human disease, but it also substantiates the mouse model as a
consistent and relevant system for studying the mechanism of lipoapoptosis and liver
injury in NASH. Because increased caspase-2 expression could potentially be an effect
rather than a cause of lipoapoptosis in the mouse model, we wanted to more clearly
delineate the role of caspase-2 by using caspase-2 knockout mice. Interestingly, as
discussed in Chapter 1, caspase-2 knockout mice have a limited developmental
phenotype and only appear defective in oocyte apoptosis. However, caspase-2 does

appear to play a role in stress-induced apoptosis in vivo, as we observed here. Caspase-2
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knockout mice exhibit less caspase-3 activation and TUNEL staining after HF + MCD
diet feeding, indicating that caspase-2 is critical for lipoapoptosis. These data also
further support the concept of caspase-2 as an initiator caspase functioning at the top of
the apoptotic cascade. It should prove interesting to explore the effect of caspase-2
expression on Bcl-2 family proteins and MOMP during lipoapoptosis in vivo; inhibiting
apoptosis while preserving mitochondrial membrane potential would be an ideal
therapeutic strategy for both maintaining liver cell function and preventing fibrosis.

We also assessed HSC activation and fibrosis in our mouse model, and saw a
significant decrease in this fibrotic response in caspase-2 knockout mice fed the HF +
MCD diet relative to WT mice. These data further support the idea that apoptosis is
critical for fibrosis, and that inhibiting apoptosis may be an effective therapeutic strategy
to prevent cirrhosis. While NAFLD consisting of simple steatosis is relatively benign,
NASH is very serious because collagen can permanently disrupt liver function.
Preventing the fibrotic response as early as possible is key to preserving the functional
integrity of this tissue.

Whether or not direct inhibition of caspase-2 is a good therapeutic strategy for
NASH is a question that needs to be investigated further. Although caspase-2 knockout
mice have a limited developmental phenotype, the protease can act as a tumor
suppressor in the context of other cancer models (see section 1.2.1). While acute

inhibition is unlikely to cause major damage, inhibiting apoptosis for the prolonged
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periods necessary to reverse steatosis through lifestyle modification may be an issue.
Therefore, understanding the mechanism of caspase-2 activation could lead insight into

the best strategy to inhibit lipoapoptosis. This concept will be explored in Chapter 5.
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5. Regulation of Caspase-2 in Lipoapoptosis

5.1 Introduction

Caspase-2 continues to be a fascinating enzyme to study because the regulation
of its activation, necessity for apoptosis, and non-apoptotic roles appear to be very
context specific, varying between cell types and death stimuli (see section 1.2). Besides
already being a promising therapeutic target because of the lack of overt phenotype in
caspase-2 knockout mice, these facts make the regulators of caspase-2 very interesting to
study from a pharmacological standpoint as well. Specifically inhibiting the activation of
caspase-2 only in certain scenarios, like in response to lipotoxicity in the liver, would be
an ideal strategy for therapeutic intervention. Thus, understanding how caspase-2
activation is regulated may elucidate new tactics for preventing the progression of
NAFLD.

As noted in section 1.2.3.4.1, the PIDDosome complex containing the proteins
RAIDD, PIDD, and caspase-2, was considered the main regulator of caspase-2 activity
after its discovery. However, RAIDD and PIDD are dispensable for caspase-2 activity in
some settings, even when caspase-2 still appears to be oligomerizing with other proteins.
In section 3.2.1, we noted that caspase-2 forms a high molecular weight complex in cells
treated with palmitate. Since initiator caspases are typically activated through big
protein complexes, this observation likely indicates that palmitate treatment stimulates

caspase-2 to aggregate into an activation complex. Caspase-2 is not only present in this
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big protein complex, but is most enzymatically active here. The focus of this chapter is
on determining the mechanism through which caspase-2 activation is regulated in
response to palmitate. We specifically focus on protein interactions, as this appears to be
particularly relevant for palmitate-induced caspase-2 activity.

Using proteomics, we identified many candidate protein interactors of caspase-2,
including, TRAF3. After confirming TRAF3 binding, we investigated whether TRAF3
plays a role in palmitate-induced cell death. TRAF3 knockdown was shown to reduce
lipoapoptosis. In addition, we identified a site of interaction between caspase-2 and
TRAF3 that, when mutated, abrogates their binding and decreases the proapoptotic
activity of caspase-2. We also investigated whether caspase-2 binds other TRAF family
proteins, and discovered that caspase-2 binds the first three family members (TRAF]I,
TRAF2, and TRAF3). Although many questions remain, TRAF3 is emerging as a

promising candidate to prevent caspase-2 activation and downstream lipoapoptosis.

5.2 Results
5.2.1 The PIDDosome is not required for palmitate-induced cell death

Since the PIDDosome is considered the canonical mechanism for caspase-2
activation, we wished to determine whether the PIDDosome proteins are necessary for
palmitate-induced cell death. Using siRNA, we knocked down RAIDD, PIDD, and
caspase-2 in 293T cells, treated the cells with palmitate for 24 hours, and measured PI

uptake by flow cytometry. While RAIDD knockdown is able to prevent palmitate-
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induced cell death to a similar degree as caspase-2 knockdown, PIDD knockdown
consistently increases cell death in these experiments (Figure 5.1). However, some
experimental issues confound our ability to definitively interpret our results. Although
we used a published PIDD siRNA sequence, we could not confirm that PIDD was
effectively knocked down based on the immunoblot. We see two bands decrease with
PIDD siRNA, one just under the 75 kDa marker and one just above the 37 kDa marker
(Figure 5.1); however, we are unsure if these bands represent PIDD proteins because the
reported size of PIDD (according to the antibody manufacturer) should be 55 kDa.
Multiple reports suggest that PIDD is constitutively proteolyzed and exists as three
cleavage products: a 51 kDa species, a 48 kDa species, and a 37 kDa species (161,162).
This 37 kDa fragment is in line with the species observed in our experiment and lends
more credence to our results. Future experiments will need to quantitate PIDD mRNA
transcripts to clearly confirm PIDD knockdown. Regardless of our inability to
definitively pin down the role of PIDD expression in this context, other reports have also
suggested that PIDD is dispensable for caspase-2 activity in many contexts, leading us to
wonder if other proteins were involved in promoting caspase-2 oligomerization.

Therefore, we set out to identify other caspase-2 activation complex candidate proteins.

5.2.2 TRAF3 is a caspase-2 interacting protein

To identify interacting proteins that might be regulating caspase-2 activity in

response to palmitate, we used a proteomics approach. First, we overexpressed a
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Figure 5.1: The PIDDosome is not required for palmitate-induced cell death

293T cells were transfected with siRNA targeting a scrambled control (CTRL),
caspase-2 (CASP2), RAIDD, or PIDD. 48 hours post-transfection, cells were mock-treated
with BSA or with 1 mM palmitate for 24 hrs. Cell death was assessed through PI staining
and flow cytometry. The results represent the mean + SEM (error bars) for four or more
independent experiments. Statistical significance was determined using a two-tailed
Student’s t test. *, p<0.05 versus control. Knockdown efficiency compared to an actin
control was assessed by immunoblot. Arrows point to potential PIDD knockdown
bands.
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catalytically dead version of caspase-2 (C320A) with a C-terminal FLAG tag in 293T
cells. Use of the catalytically dead caspase-2 allowed us to preserve cell viability for the
duration of the experiment. Next, we treated cells with BSA (Mock) or palmitate for 18
hours, and then immunoprecipitated caspase-2 by the FLAG epitope. After we eluted
caspase-2 interactors using 3X FLAG peptide, digested the samples, and the Duke
Proteomics Core used 2D-LC/MS/MS to identify peptides from interacting proteins. The
most interesting candidates identified in this screen are TRAF2, TRAF3, HTRA2, and
cIAP1, all of which have been reported to play roles in cell fate decisions (16,163). These
particular interactors were observed in both the BSA and palmitate treated caspase-2
samples, and because we only performed the proteomics one time, quantitation of
protein abundance between samples is not valid. Therefore, we cannot yet conclude
whether the binding between caspase-2 and these candidate interacting proteins
changes when cells are treated with palmitate.

Because caspase-2 and TRAF2 had already been reported to interact with one
another, we decided to focus on the interaction between TRAF3 and caspase-2. TRAF3
expression is also increased in the liver of obese patients, suggesting it may be relevant
in our model of lipoapoptosis (164). As discussed in section 1.3.3, TRAF3 contains a Zn
RING domain, Zn finger domain, and C-terminal TRAF domain. First, we validated the
binding between TRAF3 and caspase-2 by overexpressing the same FLAG-tagged

caspase-2 construct, immunoprecipitating by the FLAG epitope, and immunoblotting for
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endogenous TRAF3 (Figure 5.2). We also treated cells with palmitate to determine if the
level of interaction changes with this lipoapoptosis stimulus. Although we observed
binding between caspase-2 and endogenous TRAF3, we have found any differences in
the amount of palmitate-induced TRAF3 binding to caspase-2 to be inconsistent. Also,
overexpression of caspase-2 promotes oligomerization even without a death-inducing
stimulus, making binding changes with palmitate difficult to interpret. At this time, it is
still unclear whether caspase-2 and TRAF3 are constitutively bound or whether TRAF3

binds caspase-2 only under certain circumstances, such as upon activation.

5.2.3 TRAF3 is required for palmitate-induced cell death

To gain further insight into the function of the TRAF3/caspase-2 interaction, we
used siRNA to knockdown each of caspase-2 and TRAF3 in both 293T cells and the liver
carcinoma cell line, Huh?7. In both cell lines, we saw a reduction in PI positive cells by
flow cytometry after TRAF3 knockdown, indicating that TRAF3 promotes palmitate-
induced cell death (Figure 5.3). These data support the hypothesis TRAF3 may be
promoting the activation of caspase-2, however; the mechanism by which TRAF3

reduces palmitate-induced cell death is still unclear.

5.2.4 Mutation of a TRAF-interaction motif in caspase-2 reduces
TRAF3 binding and the ability of caspase-2 to promote apoptosis

To further investigate whether TRAF3 promotes palmitate-induced apoptosis
through caspase-2, we searched the literature and discovered an amino acid

motif/consensus binding site for binding to TRAF proteins: (P/S/A/T)x(Q/E)E (165-167).
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Figure 5.2: Caspase-2 binds endogenous TRAF3

293T cells were transfected with an empty vector pcDNA3 control (EV) or
pPCDNAB3-caspase-2-C320A-FLAG (Casp2-FLAG). 24 hrs post-transfection, cells were
mock-treated with BSA or treated with 1 mM palmitate for 18 hrs. Cells were lysed and
lysates were incubated with M2 FLAG agarose overnight. Resin was washed with lysis
buffer 5x and PBS 1x and proteins were eluted with 2X SDS sample buffer and subject to
immunoblotting. Input represents the whole cell lysate.
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Figure 5.3: TRAF3 is required for palmitate-induced cell death

A,B. 293T cells (A) and Huh? cells (B) were transfected with siRNA targeting a
scrambled control (CTRL), caspase-2 (CASP2), and two TRAF3 sequences: one from
Santa Cruz Biotechnologies (TRAF3-sc) and one SMARTpool sequence from Dharmacon
(TRAF3-sp). 48 hours post-transfection, cells were mock-treated with BSA or with 1 mM
palmitate (A) or 500 uM palmitate (B) for 24 hrs. Cell death was assessed through PI
staining and flow cytometry. The results represent the mean + SEM (error bars) for three
or more independent experiments. Statistical significance was determined using a two-
tailed Student’s t test. *, p<0.05 versus control. Knockdown efficiency compared to an
actin control was assessed by immunoblot.
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Interestingly, caspase-2 contains one of these motifs in its p19 subunit, approximately in
the middle of the 452 amino acid protein: T247/A248/Q249/E250. We mutated amino
acids 247-251 to alanine to make a “TIM mutant” version of caspase-2 to assess whether
these amino acids were important for binding to TRAF3. We overexpressed catalytically
dead WT and TIM mutant versions of caspase-2-FLAG, and immunoprecipitated
caspase-2 by the FLAG epitope to assess endogenous TRAF3 binding. While we
observed robust binding of TRAF3 to WT caspase-2, this binding is significantly reduced
for the TIM mutant of caspase-2, despite equal TRAF3 levels in the total lysate (Figure
5.4A).

Next, we wanted to assess whether mutation of the TIM had an effect on the
ability of caspase-2 to promote apoptosis. Since WT caspase-2 can spontaneously induce
apoptosis when overexpressed in tissue culture cells, we made HeLa S3 Tet-inducible
cell lines that express either catalytically active WT or TIM mutant caspase-2-FLAG.
Upon induction of expression, WT caspase-2 induces a significant increase in PI positive
cells, while the TIM mutant fails to induce any cell death above the baseline (Figure
5.4B). We confirmed that caspase-2 protein expression was comparable between these
cell lines (Figure 5.4B). These data indicate the TIM mutant form of caspase-2 cannot
bind TRAEF3, and that this mutant version of caspase-2 has reduced pro-apoptotic

activity.
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Figure 5.4: Mutation of a TRAF-interaction motif in caspase-2 reduces TRAF3 binding
and the ability of caspase-2 to promote apoptosis

A. 293T cells were transfected with empty vector pcDNA3 control (EV),
pCDNAS3-caspase-2-C320A-FLAG (C2-FLAG WT) or pCDNA3-caspase-2-C320A-TIM-
FLAG (C2-FLAG TIM). 24 hrs post-transfection, cells were lysed and lysates were
incubated with M2 FLAG agarose overnight. Resin was washed with lysis buffer 5x and
PBS 1x and proteins were eluted with 2X SDS sample buffer and subject to
immunoblotting. Input represents the whole cell lysate. B. HeLa S3-Tet-On WT or TIM
caspase-2 cells were developed as described in section 2.3.1.1. Cells were treated with 0.1
ug/ml doxycycline (Dox) for 24 hrs. Cell death was assessed through PI staining and
flow cytometry. The results represent the mean + SEM (error bars) for three independent
experiments. Statistical significance was determined using a two-tailed Student’s t test. ¥,
p<0.05 versus control. Equal expression of caspase-2 between cell lines was confirmed by
immunoblot.
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5.2.5 Caspase-2 binds TRAFs 1-3 but not TRAFs 4-7

Because our proteomics data suggests that caspase-2 binds to both TRAF2 and
TRAF3, we explored whether caspase-2 binds other members of the TRAF family. We
overexpressed both a C-terminal Myc-tagged caspase-2 and FLAG-tagged TRAF1-7 in
293T cells and immunoprecipitated the Myc epitope to pull down caspase-2 and bound
TRAFs. The data indicate that caspase-2 binds TRAF1-3, but does not bind TRAF4-7
(Figure 5.5). It is unclear at this time whether each of these TRAF proteins binds directly
to caspase-2, or whether the TRAFs are part of a complex with caspase-2 by binding

other TRAFs.

5.3 Discussion

Since prolonged inhibition of a caspase may not be an ideal therapeutic strategy
for preserving liver function and preventing NASH, we wanted to identify novel
caspase-2 binding proteins that might be targeted, instead, to prevent downstream
caspase-2 activation and cell death. In this chapter, we identified a novel interacting
protein for caspase-2, the RING-containing protein TRAF3. Although we have not yet
confirmed it through an in vitro binding assay, it appears that this interaction is direct;
mutation of a typical TRAF interacting motif (TIM) in caspase-2 can disrupt the
interaction. We also demonstrated that a reduction in TRAF3 expression reduces
palmitate-induced cell death in two cell lines, and that mutation of the TIM in caspase-2

reduces its ability to promote apoptosis. Finally, we demonstrated that caspase-2 binds
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Figure 5.5: Caspase-2 binds TRAFs 1-3 but not TRAFs 4-7

293T cells were transfected with empty vector pcDNA3 control (EV) or
pPCDNA3-caspase-2-C320A-Myc (Caspase-2-Myc) in combination with EV or pPCDNA3-
FLAG-TRAFs1-7. 24 hrs post-transfection, cells were lysed, lysates were sonicated at
20% amplitude for 15 sec, and lysates were incubated with Anti-c-Myc agarose
overnight. Resin was washed with lysis buffer 5x and PBS 1x and proteins were eluted
with 2X SDS sample buffer and subject to immunoblotting. Input represents the whole
cell lysate.
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TRAF1-3, while it does not appear to bind TRAF4-7. Taken together, these data strongly
implicate TRAF3, and possibly TRAF1 and TRAF2, as regulators of caspase-2 activity.

Since TRAF3 knockout mice die around 10 days of age from T cell dysfunction
and hypoglycemia (168), it is still unclear if inhibiting TRAF3 would be an improved or
safe therapeutic strategy to inhibit hepatocyte lipoapoptosis. A recent manuscript
reported that myeloid cell TRAF3 is necessary for hepatic steatosis after feeding mice a
high fat diet, suggesting TRAF3 could be a promising NASH target (169). Ideally, a
future study utilizing an inducible liver-specific TRAF3 knockout mouse fed either a
control or MCD diet would be useful for measuring hepatocyte lipoapoptosis. This will
help determine whether TRAF3 protects hepatocytes from lipotoxicity in vivo in addition
to in cultured cells.

It will also be important to determine what role, if any, TRAF1 and TRAF2 have
in modulating the pro-apoptotic activity of caspase-2. Although it has previously been
reported that these proteins bind caspase-2 (73), the role they play in the intrinsic
pathway of apoptosis is still very unclear. We will also investigate whether these
proteins each bind caspase-2 independently, or whether they are all interacting as one
complex, since TRAF proteins have been reported to oligomerize with one another.
Because TRAF proteins are known to bind TNFR superfamily receptors, we are also

curious to see whether caspase-2 is recruited to the plasma membrane, and whether or
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not the intrinsic mitochondrial pathway of apoptosis is occurring downstream of this
interaction.

The mechanism by which TRAF3 (and potentially TRAF1-2) are modulating
caspase-2 activity is also still under investigation. One hypothesis is that TRAFs promote
the oligomerization and induced proximity activation of caspase-2. Because we
demonstrated in Chapter 3 that caspase-2 forms a high molecular weight complex in
response to the lipotoxic stress caused by palmitate, it will be critical to determine
whether TRAF1-3 are also present in these high molecular weight fractions. More
importantly, it will be important to investigate whether the loss of any of the TRAFs 1-3
prevents this complex from forming. In addition, since TRAFs 2 and 3 contain enzymatic
RING domains, it will be important to determine if their function as E3 ligases is
important for regulation of lipoapoptosis, or whether they are merely functioning as
adaptor proteins. These questions and the implications of their answers will be

discussed further in Chapter 6.
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6. Conclusions and perspectives

The function and regulation of caspase-2 have been mysterious for decades, and
there remains a lot to learn about this protease today. Through the work described here,
we have defined new roles for caspase-2 in promoting saturated FFA-induced apoptosis
in vitro and in promoting MCD diet-induced hepatocyte cell death in vivo. In addition,
we have described a novel protein interaction between caspase-2 and TRAF3, and the
interaction between these proteins appears to affect the ability of caspase-2 to promote
apoptosis. In this final chapter, we will explore the feasibility and implications of
manipulating caspase-2 and TRAF3 as pharmacological targets for NASH, and the
possibility that caspase-2 is a master intracellular lipid sensor, potentially responding to

lipid signals in response to diverse stress stimuli.

6.1 Caspase-2 as a pharmacological target for NASH

In order to determine if caspase-2 would be an appropriate therapeutic target for
NASH, it is essential to consider the repercussions of inhibiting the activity of this
enzyme in the human body. There are no reports of using a caspase-2 inhibitory
compound in mice, so caspase-2 knockout mouse studies are the best available
indicators of the safety of this strategy. As mentioned in section 1.2.1, there have been
many studies using caspase-2 knockout mice in various contexts. Although the first
report on caspase-2 knockout mice demonstrated that loss of caspase-2 induces only the

mild phenotype of excess oocytes, many follow-up studies indicated that loss of caspase-

106



2 can affect tumorigenesis and tumor burden when combined with other oncogenic
stresses. In most cases, loss of caspase-2 increases tumor formation, although one study
using a neuroblastoma model demonstrated that loss of caspase-2 delays tumorigenesis
and decreases tumor vascularization (37). In our study of WT and caspase-2 knockout
mice fed the MCD diet (Chapter 4), no tumors were observed in either cohort during the
8-week time frame. Based on these data, it is difficult to speculate the consequences of
longer-term caspase-2 inhibition in a lipotoxicity setting. Overall, it seems that loss of
caspase-2 can result in enhanced tumorigenesis in the presence of an additional
carcinogenic stimulus, suggesting that caspase-2 acts as a tumor suppressor in most cell
types, though not all. This is an important consideration, suggesting that inhibiting
caspase-2 for a long period of time in NAFLD patients may increase the risk of cancer
development and/or progression.

Since failure to undergo apoptosis is one of the original hallmarks of cancer (170),
the increased tumor burden is most easily explained by reduced apoptosis from loss of
caspase-2 expression. However, multiple knockout mice studies demonstrated that
tumor cells from caspase-2 knockout mice are frequently multinucleated, aneuploid, and
undergo abnormal mitoses. In addition, caspase-2 null tumor cells have a higher mitotic
index and proliferate at a higher rate compared to WT cells in the MMTV/c-neu
mammary carcinogenesis model (35). These data suggest that caspase-2 may regulate

cell cycle progression, and thus acts as a tumor suppressor based, at least in part, on this
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role. However, these phenomena may also be explained by the hypothesis that caspase-2
typically responds to signals of cell cycle defects to promote apoptosis; thus in the
absence of caspase-2, abnormal cells survive more than usual. Regardless, loss of
caspase-2 has a significant effect on the quantity of genetically unstable tumor cells and
this must be kept in mind when considering long-term enzyme inhibition.

Another consideration for the validity of caspase-2 inhibition for NASH
treatment is whether or not the catalytic activity of caspase-2 is required for its role in
promoting lipoapoptosis in vivo. In chapter 3, we used a cell culture model to
demonstrate that reducing the expression of caspase-2 with siRNA can prevent
palmitate-induced cell death, and that the enzymatic activity of caspase-2 increases after
treating cells with palmitate. However, these data do not conclusively demonstrate that
the activity of caspase-2 is required for this cell death. Likewise, it is also unclear if the
results in the animal studies in chapter 4 are dependent on the catalytic activity of
caspase-2. There have been reports demonstrating that expression of the prodomain of
caspase-2 alone can exhibit certain phenotypes without the presence of enzymatic
activity. For example, NF-kB activity is comparably induced when catalytically active
and inactive (C320A) caspase-2 constructs are overexpressed in 293T cells (73).
Furthermore, overexpression of the caspase-2 CARD domain alone can induce NF-xB
activation. If the caspase-2 CARD domain alone is sufficient to induce lipoapoptosis, a

caspase-2 protease inhibitor would not be an effective therapeutic strategy. Therefore,
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further studies will need to assess this by removing endogenous caspase-2 and replacing
it with the catalytically inactive mutant, ideally in a mouse model. These studies, in
addition to long-term mouse studies using a caspase-2 inhibitory compound in NASH
model, are critical for determining whether inhibiting caspase-2 is a good therapeutic

strategy to prevent progression of NASH.

6.2 TRAF3 as a pharmacological target for NASH

Since the value of caspase-2 inhibition as a therapeutic strategy for NASH is still
unclear, it is also worthwhile to consider whether TRAF3 would make an appropriate
target for preventing or reversing NASH. Multiple studies have examined the effects of
genetic TRAF3 depletion in vivo to better understand the physiological function of this
protein. The first study used homologous recombination to create a TRAF3 null
mutation resulting in a total body TRAF3 knockout mouse (168). Although these mice
appear normal at birth, they experience progressive hypoglycemia and depletion of
peripheral white blood cells, dying after 10 days. This study concluded that TRAF3 is
required for postnatal development, particularly for a functioning immune system. This
report raises significant concerns about using TRAF3 as a pharmacological target.
However, given the differences between a constitutive genetic knockout animal and
treatment with a pharmacological drug, additional studies must be undertaken.

A more recent report built upon these findings by engineering myeloid cell-

specific TRAF3 knockout mice (169). Myeloid cells are derived from hematopoietic stem
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cells in bone marrow and are delivered to tissues through the circulation (171).
Examples of myeloid cells include monocytes, macrophages, and neutrophils. Since
obesity is associated with chronic inflammation, the authors of this study wanted to
investigate whether depletion of TRAF3 in myeloid cells affects multiple outcomes of
obesity, including inflammation and hepatic steatosis. Interestingly, depletion of
myeloid TRAF3 results in distinct pro-inflammatory and anti-inflammatory effects in
lean and obese mice, respectively. For example, deletion of myeloid TRAF3 in mice fed a
normal chow diet increases pro-inflammatory cytokines (IL-1, IL-6, and TNFa) in both
the liver and epididymal fat depots. Meanwhile, depletion of myeloid TRAF3 in high fat
diet-fed mice abrogates the diet-induced increased expression of these pro-inflammatory
cytokines. In addition, hepatic steatosis is reduced in myeloid TRAF3 knockout mice fed
a high fat diet, as well as those crossed with the genetic obesity mouse model, ob/ob
mice, or leptin-deficient mice. Overall, the conclusions of this study are promising when
considering TRAF3 as a target for NASH, especially due to the high association between
NASH presentation and obesity. However, in the studies just described, depletion of
TRAEF3 was genetic and restricted to certain cell lineages. Thus, it is still fairly divergent
from (and likely not very representative of) a treatment situation. It will be important to
understand whether the improvements observed in this study are related to caspase-2

and/or apoptosis.
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At this time, directly manipulating gene expression of TRAF3 is not a realistic
therapeutic strategy. Therefore, it is also important to consider alternative approaches
for TRAF3 inhibition from a pharmacological perspective, including enzyme inhibition
or using a blocking molecule, respectively. First, it would be imperative to determine
whether inhibiting the potential enzymatic activity of TRAF3 would affect its regulation
of lipoapoptosis. TRAF3 contains a RING domain and theoretically could act as an E3
ligase; however, no reports have demonstrated that TRAF3 can act as an E3 ligase in
vitro. TRAF3 overexpression can promote calcineurin B subunit degradation (172);
however, it is unclear from this study whether TRAF3 directly promotes this
degradation or is acting as an adaptor. TRAF3 acts as an adaptor protein for E3 ligases in
other contexts, which could also be the case for calcineurin B subunit degradation. For
example, TRAF3 acts as an essential adaptor for cIAP1/2 to target NIK for degradation in
B cells (173). Therefore, to pursue this strategy, it would be important to determine if the
E3 ligase activity of TRAF3 is involved in its regulation of caspase-2 activation and its
role in increasing hepatic steatosis in obesity. If the E3 ligase activity of TRAF3 is not
involved, blocking the binding between these two proteins may be a more reasonable
strategy. As shown in section 5.2.4, mutating caspase-2 in a TRAF interaction motif can
reduce binding to TRAF3 and reduce the ability of caspase-2 to promote apoptosis.
Developing a peptide or small molecule that blocks the interaction between these two

proteins could be a very effective and specific strategy, but would require further
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investigation. In summary, TRAF3 is still fairly poorly understood. Reducing its
expression elicits distinct and context-dependent effects. Therefore, more in vivo studies
need to be conducted before making conclusions on the therapeutic value of inhibiting

this protein.

6.3 Caspase-2 as a lipid stress sensor

Through this work, in combination with the work of others within the Kornbluth
laboratory and beyond, the hypothesis that caspase-2 acts as a more general lipid stress
sensor has emerged. Many lines of evidence suggest that both caspase-2 expression and
activity are regulated by an imbalance of intracellular lipids. In addition, lipid changes
result from many caspase-2 activating apoptotic stimuli, suggesting lipid signals could

act as an intermediate for caspase-2 activation in multiple contexts.

6.3.1 Lipid-induced transcriptional induction and activation of
caspase-2

As mentioned in section 1.2.3.1, the caspase-2 gene contains binding sites for
SREBPs in its promoter region and first intron. SREBPs are a family of proteins that are
responsive to intracellular lipid levels (cholesterol or triglycerides); when lipid levels are
low, they are released from the ER, cleaved in the Golgi apparatus, and enter the nucleus
to activate transcription of target genes (54). Caspase-2 contains both Sterol Response
Element (SRE) sites, which bind the proteins SREBP1a and SREBP-2, and an E-box site,

which binds SREBP-1c. SREBP-1a and SREBP-1c are both involved in regulating fatty
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acid metabolism, and SREBP-1c also mediates insulin signaling in lipogenesis.
Meanwhile, SREBP-2 regulates cholesterol and fatty acid synthesis (174).

Multiple reports have demonstrated that SREBP proteins can activate caspase-2
transcription. For example, overexpression of the transactivating domain of SREBP-2 can
increase endogenous caspase-2 protein levels in HCT116 and HeLa cells, while siRNA-
mediated knockdown of SREBP-2 can decrease caspase-2 protein levels (174). In
addition, siRNA-mediated caspase-2 knockdown can decrease lipid levels in cells
overexpressing SREBP-2, as assessed by Nile red staining and Oil Red O staining. The
chemical caspase-2 inhibitor, VDVAD-fmk, is unable to change lipid levels, indicating
enzymatic activity may not be required for this phenomenon. In addition,
overexpression of caspase-2 is not able to accomplish the reciprocal effects of increasing
lipid levels, either with or without SREBP-2 overexpression, suggesting an additional
factor may be required. Nonetheless, these results strongly suggest that caspase-2
expression is regulated by lipid levels, and may also play a role in regulating lipid levels
itself.

Unfortunately, the caspase-2 transcriptional elements differ between mice and
human beings; mice have fewer SREBP binding sites and a different organization of
transcriptional elements (53). In line with this, SREBP-overexpressing or SREBP-
deficient mice fail to change caspase-2 mRNA levels (53,175). These facts hinder the

ability to fully understand how caspase-2 is regulated by SREBPs in vivo. Caspase-2 does
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appear to be regulated by lipid levels in rodents to some extent; caspase-2 is upregulated
in the liver of mice fed the MCD diet (section 4.2.2) and in rats fed a high-fat diet (176).
In addition, caspase-2 knockout mice have reduced total body fat content, especially
subcutaneous adipose tissue (31,32).

In line with the information above, the Kornbluth laboratory has also
demonstrated that caspase-2 is activated in response to inhibition of the protein fatty
acid synthase (FASN), the key enzyme responsible for de novo lipogenesis (47). Many
tumor cells upregulate FASN to promote lipid production for rapid proliferation,
including 80% of ovarian carcinomas (177). Inhibition of this enzyme with the chemical
inhibitor orlistat leads to caspase-2 dimerization and apoptosis. Interestingly, this study
also discovered that transcriptional induction of the adaptor protein REDD1 is critical
for caspase-2 activation to occur. REDD1 is upregulated through ATF4 in response to the
ER stress unfolded protein response (UPR) pathway. The UPR is initiated in response to
both FASN inhibition and an excess of lipids, so REDD1 may be a more general
regulator of caspase-2 regulation in response to ER stress. In total, these results strongly
contribute to the hypothesis that caspase-2 expression is responsive to intracellular lipid

levels and that caspase-2 itself effects lipids in vivo.

6.3.2 Lipid changes in response to diverse apoptotic stimuli

In addition to responding to direct manipulations in fatty acid levels, it is

possible that caspase-2 responds to lipid changes that result from other apoptotic stimuli
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as well. The most widely acknowledged lipid change during apoptosis is the
externalization of phosphatidylserine to the plasma membrane downstream of caspase
activation, which can be quantitated using Annexin V staining (discussed in section
1.1.2). In addition to plasma membrane lipid composition changes, mitochondria exhibit
significant changes in membrane lipid composition during apoptosis, many of which
occur upstream of MOMP. These lipid changes affect membrane fluidity and the
assembly of membrane subdomains, therefore affecting the function of resident
membrane proteins.

Many studies have reported changes in mitochondrial lipids in response to death
receptor-mediated apoptosis that are very similar to the lipid profile changes associated
with treating hepatocytes with palmitate in vitro. A metabolomics study performed
using terminally differentiated human hepatocytes, HepaRG cells, examined the lipid
profile of cells treated with palmitate at various time points (178). In this study, two
species of saturated diacylglycerol (DAGs), 1,2-dipalmitoylglycerol and 1,3-
dipalmitoylglycerol, were significantly elevated after palmitate treatment of HepaRG
cells at multiple time points, while simultaneous oleate treatment abrogated this effect.
As shown in section 3.2.2, oleate can also counteract the pro-apoptotic effects of
saturated fatty acids. In addition, this study also demonstrated that many lysolipids are
significantly elevated in response to palmitate treatment, including the LPC species 1-

and 2-palmitoylglycerophosphocholine, which are elevated over 5-fold after 16 hours of
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palmitate treatment. We demonstrated in section 3.2.4 that caspase-2 knockdown also
protects cells from the toxicity induced by palmitoylglycerophosphocholine (16:0 LPC).

Interestingly, increases in DAG and LPC species in the mitochondria are also
associated with death receptor activation in response to both Fas ligand and TRAIL
(179,180). These changes are considered upstream of MOMP, and are unaffected by
caspase inhibitors. The most prominent early lipid change after death receptor-mediated
apoptosis is the increase in two LPC species, including 16:0 LPC (181). One explanation
for this change is that it is initiated from inhibition of the enzyme phosphocholine
cytidylyltransferase, involved in phosphatidylcholine synthesis (182). Other similarities
in lipid changes also occurred between cells stimulated with Fas ligand, TRAIL, or
palmitate; all stimuli resulted in a decrease in mitochondrial cardiolipin, another well-
known apoptotic lipid change that leads to dissociation of cytochrome c and its eventual
release into the cytosol (181).

Other apoptotic stimuli can also promote changes in lipids; for example, hypoxia,
or oxygen deprivation, of tumor cells can both inhibit beta oxidation of fatty acids and
promote lipogenesis through many mechanisms, including upregulation of FASN (183).
Using metabolomics, a recent study demonstrated that palmitate and stearate
accumulate in hypoxic cells (184), the two saturated FFAs that we demonstrated kill

293T cells in a caspase-2 dependent manner (section 3.2.2). Caspase-2 has also been
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implicated in promoting hypoxia-induced injury and cell death (185,186), suggesting its
activation could be downstream of lipid changes.

Another apoptotic stimulus that reportedly affects intracellular lipids is
paclitaxel, a chemotherapeutic drug that inhibits microtubule depolymerization.
Interestingly, 6 hours of paclitaxel treatment significantly decreases LPC species (187), in
contrast to increases with death receptor and palmitate-induced apoptosis described
above. In general, this study observed an increase in lipid saturation in most species,
consistent with the general consensus on saturated lipid toxicity. Since caspase-2 is
necessary for paclitaxel-induced apoptosis in many cell types (45,188), this opens up the
question of whether lipid intermediates deliver the pro-death signal from paclitaxel to
caspase-2. Although there was a difference in lipid metabolite changes, caspase-2 clearly
responds to both insufficient and excess fatty acid levels (section 6.3.1), and could be

reacting to both extremes in this case as well.

6.4 Concluding remarks

The data included in this dissertation have furthered our understanding of the
role and regulation of caspase-2 in lipoapoptosis. In addition, we have also explored the
feasibility of targeting either caspase-2 or TRAF3 as pharmacological targets for NASH,
and the possibility that caspase-2 is responding to lipid signals as an intermediate to
diverse apoptotic stimuli. With use of metabolomics becoming more widespread,

investigating lipid changes during apoptosis is becoming more frequent, increasing our
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understanding of this complex process. Hopefully future studies will elucidate whether
direct lipid signals activate caspase-2, and further assess the feasibility of targeting its

protease activity for NASH patients.
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