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ABSTRACT

The developing nervous system is highly malleable and requires constant feedback to
achieve proper neural circuit assembly and functionality. Axonal degeneration is one of the
mechanisms utilized by vertebrate nervous systems to maintain homeostasis, however it is also
dysregulated in a number of devastating neurodegenerative diseases. While very little is known
about the signaling cascade that controls it, axonal degeneration requires the activation of caspases,
which are in turn regulated by XIAP. Recent evidence suggests a role for the non-canonical NF-
kB kinases, IKKe¢ and TBK1, in XIAP regulation in various settings. In this study, we show that
IKKe and TBK1 directly interact with XIAP and phosphorylate it at Ser430. We also demonstrate
that NGF withdrawal from DRG axons results in the phosphorylation of XIAP at this residue,
which precedes its elimination through the proteasome. Additionally, we show that chemical
inhibition of IKKe/TBK1 significantly delays axonal degeneration, further implicating them in this
process. NGF-dependent axonal degeneration therefore requires the inhibition of XIAP by IKKe
and TBK1 for caspase-driven neurite elimination to proceed. We propose a model in which NGF
withdrawal leads to the activation of IKKe/TBK1, which then phosphorylate XIAP at Ser430 and
target it for ubiquitination and degradation by the proteasome, thereby freeing caspases to proceed

with axonal degeneration.



RESUME

Durant son développement, le systéme nerveux est extrémement malléable et nécessite un
apport constant d’information, afin d’assurer I’assemblage et fonctionnement adéquats des circuits
neuronaux. La dégénérescence axonale est 1'un des mécanismes utilisés par les systémes nerveux
des vertébrés pour maintenir 'homéostasie, cependant le déréglement de ce processus entraine de
nombreuses maladies neurodégénératives dévastatrices. Bien que 1’on en sache peu au sujet des
signaux qui la controlent, la dégénérescence axonale nécessite 'activation des caspases, qui sont a
leur tour régulées par XIAP. Récemment, on attribua un réle aux kinases de la famille non-
canoniques de NF-kB, IKKe et TBK1, dans la régulation de XIAP dans plusieurs contextes. Dans
cette ¢étude, nous démontrons qu’lKKe et TBKI interagissent directement avec XIAP et
phosphorylent le résidu Ser430. Nous démontrons aussi que le retrait de NGF des DRG permet la
phosphorylation de ce résidu sur XIAP, ce qui préceéde son élimination par le protéasome. En outre,
nous montrons que l'inhibition chimique d’IKKe/TBK1 retarde considérablement la
dégénérescence axonale, les impliquant davantage dans ce processus. La dégénérescence axonale
qui suit le retrait de NGF nécessite donc une inhibition de la protéine XIAP par IKKe et TBKI,
pour permettre 1’¢élimination des neurites par les caspases. Nous proposons un modele dans lequel
le retrait de NGF mene a 'activation d’IKKe/TBK1, qui ensuite phosphorylent XIAP sur Ser430
et entrainent son ubiquitination et dégradation par le protéasome, libérant ainsi les caspases qui

peuvent désormais procéder a la dégénérescence axonale.



ACKNOWLEDGEMENTS

The work realized in this thesis could not have been accomplished without a few honourable
mentions. First of all, I would like to thank my supervisor, Dr. Phil Barker, for his constant support
and stream of positive feedback. I will always remember his enthusiasm and appreciate everything
he has done to help me achieve my goals. A warm thank you also goes out to my advisory
committee, Dr. Nathalie Grandvaux and Dr. Wayne Sossin, for their helpful suggestions and
valued opinions. I am grateful to my fellow colleagues and friends from the “Barker lab”, who
have provided me with moral support and precious advice throughout my studies. Additionally, I
will always treasure the help and encouragement of my friends Anouck Hazzan and Blandine
Bally, as well as the support of my loving fiancé Ilan Rubier, who has always believed in me and
stood by my side. Finally, I wish to thank my dear mom and dad, whose unwithering love and

support gives me the strength and determination to pursue my dreams.



TABLE OF CONTENTS

ABSTRACT
RESUME (FRENCH ABSTRACT)
ACKNOWLEDGEMENTS
TABLE OF CONTENTS

TABLE OF FIGURES

1. INTRODUCTION
1.1 AXON DEGENERATION /N VITRO
1.2 CASPASES
1.2.1 The role of caspases in axonal degeneration
1.3 TAPS: ENDOGENOUS CASPASE INHIBITORS
1.3.1 The role of XIAP in axonal degeneration
1.3.2 Endogenous IAP inhibitors
1.4 THE ROLE OF IkB KINASES IN NF-kB ACTIVATION
1.4.1 Non-canonical IKKs as novel XIAP regulators
1.5 PURPOSE OF THIS STUDY
2. MATERIALS AND METHODS
3. RESULTS
3.1 NGF withdrawal results in XIAP loss and axonal degeneration
3.2 IKKe and TBK1 phosphorylate XIAP at Serine 430 in vitro
3.3 XIAP is phosphorylated at Ser430 in vivo following NGF withdrawal
3.4 Chemical IKKe/TBK1 inhibitor delays axonal degeneration in vivo

4. DISCUSSION
5. FIGURES AND LEGENDS

6. REFERENCES

N A W N

11

12

14

15

16

19

20

23

27

27

27

29

30

32

43

61



Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:

TABLE OF FIGURES

Overview of developmental axon degeneration

Twiss culturing method

Caspase structure and activation

Schematic representation and structure of human IAP family
Functional domains of XIAP protein

Model of caspase regulation by XIAP in degenerating axons
Endogenous AP inhibitors in Drosophila and mammals

Structure of human NF-kB, IkB and canonical IKK protein families
NGF withdrawal results in XIAP loss and axonal degeneration
IKKe and TBK1 phosphorylate XIAP in vitro

Kinase-deficient mutants of IKKe and TBK1 do not phosphorylate XIAP
IKKe and TBK 1 phosphorylate XIAP at Ser430

Potential sites of XIAP phosphorylation by IKKe and TBK1

XIAP is phosphorylated at Ser430 following NGF withdrawal
MRT67307 inhibits XIAP phosphorylation in 293T cells

MRT67307 delays axonal degeneration in vivo

Proposed model of XIAP regulation by IKKe/TBK1 following NGF withdrawal

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1. INTRODUCTION

Axonal degeneration is an important physiological event responsible for proper neural
development and function. It is defined as the active process of axon self-destruction similar to the
self-elimination of cells during apoptosis (Saxena and Caroni 2007). Although not involving cell
death, axon degeneration requires the activation and regulation of an intrinsic destruction
machinery that will effectively eliminate specific neurite segments. This involves microtubule
disassembly, axon swelling, fragmentation, and removal of debris by local phagocytes (Saxena
and Caroni 2007). Mammalian neurons initially produce an overabundance of processes that must
subsequently be pruned to ensure the functional organization of the neuronal circuit to which they
contribute. The vertebrate nervous system thus utilizes several mechanisms to meet the operative
needs of its projection fields, as well as to fine-tune its wiring (Cowan et al. 1984; Luo and O'Leary
2005). Apoptosis, synapse retraction and axonal degeneration are the nervous system’s elimination
mechanisms that collectively contribute to neural circuit assembly and developmental brain
plasticity (Low and Cheng 2006).

Nascent axons are extremely dynamic and typically probe their surroundings through
ongoing extensions and retractions of their processes, ultimately settling in a target area (O'Rourke
et al. 1994). Early outgrowth and target invasion are highly plastic though, as local competition
for target-derived neurotrophic factors results in the retraction or elimination of neurons and
processes that receive inadequate support (Luo and O'Leary 2005; Saxena and Caroni 2007).
Surviving axons are protected from degeneration by responding to target-derived nerve growth
factor (NGF), which binds to its high-affinity surface receptor tropomyosin related kinase A
(TrkA) and initiates a pro-survival signaling cascade (Yuan and Yankner 2000; Raff et al. 2002).
Early findings suggested that outcompeted neurons withered passively in the absence of

neurotrophic support due to a lack of survival signaling initiated by NGF; however, it is now
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evident that axonal loss is an active process (Martin et al. 1988), dependent on a tightly controlled,
sub-lethal and reversible destruction pathway involving cysteine aspartate protease (caspase)
activation (Yuan and Yankner 2000; Wang et al. 2012; Neukomm and Freeman 2014).

It was also long assumed that neurite degeneration was a mere consequence of neuronal
apoptosis, occurring only in instances where the cell body was destined to die. However,
accumulating evidence now highlights the ability of neurites to degenerate independently of the
neuronal cell body (Wang et al. 2012), thereby emphasizing the compartmentalization of
subcellular apoptotic events (Raff et al. 2002; McLaughlin et al. 2003). For instance, axon
elimination is critical for generating the adult patterns of all vertebrate projection systems,
including retinotopic maps in the superior colliculus (McLaughlin et al. 2003) and subcortical
projections of the neocortex (O'Leary and Koester 1993). In response to guidance molecules,
neurons extend long primary axons that navigate through a pathway along which their possible
targets are positioned. By a process of delayed interstitial axon branching, collateral branches often
found at great distances from the primary growth cone extend toward peripheral targets and
arborize (Luo and O'Leary 2005). Eventually, the distal component of the primary axon and
ectopically-positioned arbors are eliminated through local degeneration, leaving proper
connections and cell bodies intact (Figure 1).

The selective destruction of neuronal processes, without the loss of the parent neuron, also
occurs in response to injury and disease in the adult peripheral and central nervous systems.
Although this pruning mechanism is critical for repairing and stabilizing affected circuits
following injury (Luo and O'Leary 2005), its dysregulation characterizes a wide range of
neurological pathologies that exhibit axonal and dendritic atrophy prior to neuronal death. For

example, many neurological diseases such as amyotrophic lateral sclerosis (ALS) are subject to



dying back degeneration, a process by which axons degenerate in a distal-to-proximal progressive
fashion (Cavanagh 1964; Fischer and Glass 2007). Likewise, many neurodegenerative diseases
that ultimately culminate in neuronal loss, such as Alzheimer’s (Tsai et al. 2004), Huntington’s
(Li et al. 2001) and Parkinson’s (Burke and O'Malley 2013) disease, exhibit significant loss of
distal axons well before the neuronal cell body dies. While trophic factor withdrawal plays a
prominent role in axonal degeneration during development, there is little evidence to implicate it
in the pathogenic mechanisms of neurodegenerative diseases. Indeed, pathological degeneration is
most likely triggered by the co-option of late effector phases of apoptotic signaling pathways, such
as free-radical generation and caspase activation (Yuan and Yankner 2000).

As of'yet, the cell biological mechanisms that allow certain processes to be eliminated while
others remain intact are still unknown. Unraveling the sequence of events that promote axonal
degeneration during normal development may therefore further our understanding of the early
stages of many neurodegenerative disorders, as well as shed light on ways to therapeutically delay

or prevent this process when it becomes aberrantly activated.

1.1 Axon degeneration in vitro

Developmental axon degeneration is commonly modeled in vifro in embryonic dorsal root
ganglion (DRG) sensory neurons. Afferent DRG axons are unique in their ability to relay sensory
information from peripheral tissues, like the skin, to the spinal cord and brain. Similarly to other
neurons of neural crest origin, DRG neurons require NGF for survival in vivo, although their
dependency is transient and restricted to early embryonic development (Johnson Jr et al. 1986).
Likewise, cultured embryonic DRG neurons are initially dependent on NGF for survival in vitro,

and degenerate within 24 to 36 hours of NGF withdrawal from the growth media (Levi-Montalcini



and Booker 1960). The in vitro system utilized by Rita Levi-Montalcini was improved over the
years to facilitate the specific study of local axon signaling in response to NGF withdrawal by
enabling fluidic isolation of soma and axons, such that either could be withdrawn of NGF
independently of the other (Campenot 1977). A similar culture method was introduced by Jeffery
Twiss (Zheng et al. 2001), and consists of plating dissociated embryonic day 13.5 (E13.5) DRG
explants on laminin-collagen-coated porous filters that allow the passage of growing axons but not
neuronal cell bodies (Figure 2). For the first 2.5 days in vitro the culture medium is supplemented
with NGF to support axonal growth through the filter. At the start of NGF deprivation, the culture
medium is replaced with NGF-free media supplemented with anti-NGF antibody to inhibit any
remaining NGF. Pure axonal processes (free of neuronal cell bodies and glia) that are present on
the bottom surface of the filter can then be collected at various time points for
immunocytochemical and biochemical analyses. The Twiss culture method is ideal for dissecting
the molecular pathways that underlie axonal degeneration, as it allows for various pharmacological
manipulations and genetic deletions of candidate proteins. As such, it engenders a direct
examination of the signaling cascades activated in degenerating axons and is the method used

throughout this study.

1.2 Caspases

Caspases are a family of cysteine proteases that function as downstream executioners of cell
death pathways. They are highly conserved in multicellular organisms and can be activated in
response to a multitude of intrinsic and extrinsic cell signals. Caspases, so called because they
cleave substrates after specific aspartate residues, were first identified in Caenorhabditis elegans

where Ced-3 (cell-death abnormality-3) was shown to orchestrate the programmed cell death of



somatic cells during development (Ellis and Horvitz 1986). Their role in apoptosis is also critical
for proper tissue sculpting, homeostasis and regeneration. Inhibition of cell death signals can cause
developmental defects such as abnormal heart formation, neural tube defects and limb
malformations (Vaux and Korsmeyer 1999). However, the role of caspases extends beyond
apoptosis. In fact, the first mammalian caspase to be found and identified as a Ced-3 homolog,
interleukin-1p processing enzyme (ICE) (renamed caspase-1), was involved in both apoptotic and
non-apoptotic processes (Cerretti et al. 1992; Thornberry et al. 1992). Additionally, increasing
evidence suggests that the ability of caspases to actively regulate development stems from their
non-apoptotic roles in differentiation, proliferation, cell shape, and cell migration (Miura 2012).
Their dual roles in apoptosis and cell homeostasis are thought to be the reason for the constant
evolutionary expansion of the caspase family (Degterev et al. 2003; Kuranaga 2011).

Thus far, 14 mammalian caspases have been identified and share a number of distinct
features. All caspases are initially synthesized as inactive zymogens, or procaspases, that contain
an N-terminal pro-domain, a central “large subunit”, and a C-terminal “small subunit” (Figure 3).
A series of proteolytic cleavage events at aspartate residues are necessary to activate caspases
(Clarke and Tyler 2009). The first divides the procaspase into a large subunit (p20) and a small
subunit (p10), while the second removes the N-terminal pro-domain. The catalytically active
caspase dimer is then formed by the association of two identical caspase molecules that join their
surface loops to create the active site.

Caspases are typically classified into two categories based on their structure and function.
Executioner caspases (caspase-3, -6, -7) have a short N-terminal domain and are responsible for
most of the proteolytic events that occur following a cell death signal, as well as for the proteolytic

activation of cell dismantling enzymes. Meanwhile, initiator caspases (caspase-2, -8, -9, -10) have
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a long N-terminal domain that provides a molecular platform for interaction with adaptor proteins
and for their catalytic activation. They also have a few specific substrates, including the pro-forms
of executioner caspases. Thus, initiator caspases activate executioner caspases, which in turn
orchestrate apoptotic cell death.

Mammalian caspases can be activated either through extrinsic or intrinsic signaling
pathways. In the extrinsic pathway, stimulation of death receptors (e.g. Fas) by the binding of
extracellular ligands (e.g. FasL) leads to the intracellular interaction between initiator caspase-8,
the death domain of the receptor, and adaptor proteins (e.g. Fas associated death domain, FADD).
This oligomeric complex mediates the cleavage and activation of caspase-8, thereby granting it
access to the effector caspases (Schafer and Kornbluth 2006). In the intrinsic pathway, apoptotic
stimuli trigger the mitochondrial release of Cytochrome ¢, which interacts with Apaf-1 and pro-
caspase 9 to form the apoptosome complex. Oligomerization of this complex and clustering of
pro-caspase-9 induces the activation of caspase-9, which then activates caspase-3 that executes

apoptosis (Elmore 2007).

1.2.1 The role of caspases in axonal degeneration

The role of caspases in neurite degeneration was initially discounted due to failure to detect
caspase activation or observe protective effects of caspase inhibition during axonal degeneration
(Finn et al. 2000; Saxena and Caroni 2007). However, increasing evidence now implicates these
proteases in local sub-lethal neurite elimination. Their activity was first demonstrated in the
developing nervous system of Drosophila melanogaster, which undergoes extensive neuronal
remodeling during larval metamorphosis. Class IV sensory neurons in flies initially produce

elaborate dendritic arbors that must be pruned and re-organized during metamorphosis to suit the
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more complex adult nervous system (Truman 1990). The fly caspase DRONC, a functional
homolog of mammalian caspase-9, was identified as the protease that selectively eliminates arbors
and drives the pruning process during metamorphosis (Kuo et al. 2006). Subsequent studies
demonstrated that axons of sensory and sympathetic neurons either lacking pro-members of the
apoptotic signaling pathway or treated with caspase inhibitors were protected from degeneration
after NGF withdrawal (Nikolaev et al. 2009; Vohra et al. 2010). Furthermore, initiator caspase-9
and executioner caspase-3 were recently established to play obligate roles in developmental axon
degeneration, with executioner caspase-6 playing a more subsidiary role (Simon et al. 2012). In
addition, a caspase-9-to-caspase-3 cleavage cascade is necessary for normal axon degeneration to
proceed, while caspase-3 null DRGs are completely protected from NGF-dependent axonal
degeneration (Unsain et al. 2013).

Taken together, caspase-dependent neurite destruction pathways appear to be
phylogenetically-conserved and essential for local degenerative events in the nervous system.
However, their over-activation can be extremely detrimental and therefore requires regulatory
mechanisms that limit caspase activity and prevent the uncontrolled and aberrant signaling of

apoptotic pathways.

1.3 IAPs: Endogenous caspase inhibitors

Once caspases are cleaved and activated, they are responsible for most of the proteolytic
events that occur during apoptosis (Fischer et al. 2003). There are two main ways to terminate
caspase activity: target them for destruction by the ubiquitin-proteasome machinery or directly
inhibit their enzymatic activity (Eckelman et al. 2006). Viruses have long learned that interfering

with caspases, the central components of apoptotic pathways, can prevent the destruction of a host
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cell long enough for viral replication to take place. Many have thus evolved potent caspase
inhibitors, able to bind and irreversibly lock caspases in an inactive conformation (Stennicke et al.
2002). Evolution has also selected for an elegant mechanism to modulate caspase activity in
eukaryotes, specifically via the inhibitor of apoptosis (IAP) family of proteins. Members of the
IAP family can confer protection from apoptosis in response to various stimuli (Deveraux and
Reed 1999), in addition to playing important roles in unrelated processes such as signal
transduction and cell cycle regulation (Verhagen et al. 2001). So far, eight IAP proteins have been
identified in humans (Figure 4). The prototype IAP was identified two decades ago in baculovirus
and contained two distinct motifs: the baculovirus IAP repeat (BIR) and the really interesting new
gene (RING) domain (Crook et al. 1993). The BIR motif is a zinc-binding domain required for
binding and inhibition of caspases, while the RING domain shows E3 ubiquitin ligase activity that
allows IAPs to catalyze the ubiquitination and degradation of target proteins, including themselves.
As such, IAPs have the ability to inhibit caspases both by targeting them to the ubiquitin-
proteasome degradation machinery and by directly inhibiting their enzymatic activity (Salvesen
and Duckett 2002; Vaux and Silke 2005). The evolutionarily conserved mechanism appears to be
caspase elimination though, as the Drosophila IAP (DIAP1) can inhibit caspase activity by
regulating the ubiquitination and degradation of the caspase DRONC (Meier et al. 2000).
Interestingly, the mammalian homolog of DIAP1, termed X-linked IAP (XIAP), is the only human
IAP to have evolved the ability to directly inhibit the enzymatic activity of caspases at both the
initiator and executioner phases (Figure 5) (Deveraux et al. 1997). On activation, cleavage of
caspase-3, caspase-7 and caspase-9 exposes a neo-epitope on the small subunit, termed IAP-
binding motif (IBM), which serves as the BIR-binding domain. The second BIR domain (BIR2)

of XIAP can bind and inhibit caspase-3 and caspase-7 via two active sites found around its IBM-
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binding groove, while the third BIR domain (BIR3) of XIAP can bind and inhibit caspase-9 via an
inhibitory element found immediately downstream of its IBM-binding groove (Deveraux et al.
1999). In so doing, XIAP inhibits caspase-3 and caspase-7 through steric hindrance of the active
site (Scott et al. 2005), whereas it inhibits caspase-9 activity through inhibition of dimer formation
(Shiozaki et al. 2003). While other closely related IAPs, such as cIAP1 and cIAP2, contain IBM-
binding grooves that are highly conserved with those of XIAP, they lack the functional inhibitory
elements that are required to lock caspases in an inactive conformation (Shiozaki et al. 2003).
Given that all IAPs can inhibit the activity of caspase-3 and -7, and that certain IAPs can
inhibit the activity of caspase-9 as well (Deveraux et al. 1997), it is not surprising that IAPs have
the ability to block both the intrinsic and extrinsic apoptotic pathways. The mechanisms by which
IAPs other than XIAP regulate apoptosis are still largely unclear, but likely involve targeting pro-
apoptotic molecules for degradation by the ubiquitin-proteasome machinery and activating pro-
survival signaling such as the nuclear factor of kB (NF-kB) pathway (Salvesen and Duckett 2002;
Gyrd-Hansen and Meier 2010). As such, overexpression of XIAP, cIAP1, cIAP2, NAIP and
Survivin has been shown to suppress apoptosis in a variety of settings that typically induce cell
death, including the addition of tumor necrosis factor a (TNFa), FasL, DNA damaging agents, and

growth factor withdrawal (Duckett et al. 1996).

1.3.1 The role of XIAP in axonal degeneration

The ability of XIAP to directly bind and inhibit active caspases places it at the center of an
important regulatory pathway involved in degenerative processes. In Drosophila, DIAP1 plays a
crucial role inhibiting the caspase DRONC during nervous system development (Kuo et al. 2006).

DRONC is constitutively active in fly neurons, which requires XIAP to restrain its activity during
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periods of neuronal growth. In the context of NGF-dependent axonal degeneration in mammals, it
was recently shown that XIAP plays an important role blocking caspase activity within axons
(Unsain et al. 2013). NGF deprivation leads to a sharp drop in XIAP protein levels that correlates
with an accumulation of cleaved and active caspase-3. This loss of XIAP is not blocked in caspase-
3 null (CASP37") axons but can be largely prevented with proteasomal inhibitors, indicating that
the ubiquitin-protease system is the primary pathway used to eliminate XIAP following NGF
withdrawal. If XIAP is overexpressed in DRG neurons prior to NGF withdrawal, caspase-3 activity
is strongly suppressed while axonal integrity is significantly enhanced. Furthermore, XIAP™-
DRGs degenerate more quickly and accumulate more active caspase-3 than their wild-type
counterparts.

As such, XIAP plays a phylogenetically-conserved role in caspase inhibition and the removal
of XIAP via the proteasome is a prerequisite for caspase-driven axonal degeneration. This suggests
that a signaling cascade initiated by NGF withdrawal results in the activation of yet unknown
mechanisms that target XIAP for degradation, thereby liberating caspases to proceed with axonal

degeneration (Figure 6).

1.3.2 Endogenous IAP inhibitors

Owing to the important role of IAPs in caspase inhibition, cells require a mechanism that
can relieve this IAP brake that prevents cell death processes from proceeding. A number of proteins
have thus been identified with the proposed primary function of promoting caspase activation by
blocking IAPs during apoptosis. In Drosophila, the Reaper (rpr), head-involution defective (hid),
grim and Sickle (skl) genes encode a group of pro-apoptotic factors that can bind to DIAP1 and

antagonize its ability to inhibit DRONC, thereby promoting apoptosis (Wing et al. 2002). In
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mammals, IAPs can be inhibited by a family of IBM-containing proteins that include second
mitochondria-derived activator of caspase (SMAC) and second homolog of ‘high temperature
requirement-like’ (HTRAZ2). These pro-apoptotic molecules are released from the mitochondria in
response to apoptotic stimuli and bind XIAP to displace it from caspases (Figure 7) (Srinivasula
et al. 2001). Both Smac and HTRA2 are synthesized in the cytosol and contain an N-terminal
mitochondrial targeting sequence that is removed following mitochondrial transport (Du et al.
2000; Suzuki et al. 2001). Cleavage of this sequence results in the maturation of Smac and HTRA?2,
as well as exposure of a conserved motif that corresponds to the IBM consensus sequence. As
such, interaction between XIAP and Smac or HTRA2 completely inhibits the binding of caspase-
9 to BIR3, and caspases-3 and -7 to BIR2 through steric hindrance of the active site (Scott et al.
2005). XIAP associated factor 1 (XAF1) is another IAP inhibitor known to bind and sequester
XIAP in the nucleus (Liston et al. 2001). Overexpression of XAF1 in cells blocks XIAP-mediated
inhibition of apoptosis, however it remains unclear whether this is a direct result of the physical
separation of XIAP from cytosolic caspases or whether there are additional consequences of XIAP
sequestration (Liston et al. 2001)

While endogenous IAP inhibitors appear to be evolutionary conserved, the signaling
cascades that activate them induce high levels of caspase activation that result in apoptosis. They
are therefore not suited for the activation of sub-lethal caspase activity required during axonal

degeneration.

1.4 The role of IkB kinases in NF-kB activation
The innate immune system is activated in response to a variety of pathogen-associated

molecular patterns (PAMPs) such as bacterial lipopeptides, viral infection, ultraviolet light and

16



double-stranded RNA (Peters et al. 2000; Brasier 2006). Signaling pathways triggered by these
pathogens occur either through the Toll-like receptor (TLR) (Doyle and O’Neill 2006) or the
cytosolic receptor termed retinoid-acid-inducible gene I (RIG-I) (Akira et al. 2006). Stimulation
of these receptors results in the coordinated activation of transcription factors such as nuclear
factor-kB (NF-kB) and IFN regulatory factors (IRFs).

The human NF-kB family of transcription factors is comprised of five structurally related
subunits (Figure 8) that function in various combinations to induce the expression of genes
involved in immunity, inflammation, cell survival and proliferation (Brasier 2006). NF-xB
activation is cell-type and stimulus-specific, allowing for a wide range of physiological responses
to assaults on the body. The NF-kB family members work as dimers in the cell and control the
expression of inducible cytokines, cell adhesion molecules and anti-apoptotic proteins important
in cellular stress responses. NF-kB can be activated by two distinct pathways, the “canonical”
(Karin 1999) and the “non-canonical” (Senftleben et al. 2001) pathways. The canonical pathway
controls the nuclear translocation of an NF-«kB dimer composed of the trans-activating RelA
subunit and the DNA-binding NF-kB1 subunit, while the non-canonical pathway controls
processing and translocation of the NF-kB2-RelB complex. The two pathways are induced by
different ligands and control the expression of distinct gene networks, however in both instances
the nuclear translocation of NF-«B requires the dissociation of an inhibitor of NF-kB (IxB) protein
from the complex. In resting cells, the NF-«xB dimer is sequestered in the cytoplasm by one of
several IxkB family members (IxBa, B, or €) (Figure 8). Following an inflammatory or immune
stimulus of the canonical pathway, signal transduction will trigger the activation of a complex of
IxB kinases (IKKs) that will phosphorylate IkB at two specific serines (Ghosh et al. 1998), leading

to its ubiquitination and degradation by the proteasome (Karin 1999). As a result, free NF-kB can
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translocate into the nucleus and activate gene expression at specific promoters. In the non-
canonical pathway, IKKs phosphorylate the p100 subunit, which results in the proteolytic cleavage
and the generation of the mature p52 NF-kB subunit. The active RelB-p52 (NF-kB2) complex can
then translocate into the nucleus and proceed with targeted gene expression.

The IkB kinase (IKK) family of proteins can be divided into two groups based on their
known functions. First to be identified and characterized, the canonical IKK is a multi-protein
complex of approximately 700 kDa composed of 10-14 discrete proteins (Mercurio et al. 1999).
The core of the canonical IKK complex consists of two catalytic serine-threonine kinases, IKKa
and IKKP (Mercurio et al. 1997), as well as the non-catalytic scaffolding protein known as IKKy
or the NF-«kB essential modulator (NEMO) (Yamaoka et al. 1998) (Figure 8). The less understood
non-canonical IKKs (also known as IKK-related kinases), IKKe and TANK-binding kinase 1
(TBK1), are distinct from their canonical counterparts and interact with them only weakly (Peters
et al. 2000). The kinase domain of IKKeg is 27% identical to those of IKKa and IKKf3 (Shimada et
al. 1999; Peters et al. 2000), while TBK1 exhibits 49% identity and 65% similarity to IKKe (Shen
and Hahn 2011). Both IKKe and TBK1 contain an N-terminal kinase domain, a ubiquitin-like
domain, a C-terminal leucine-zipper and a helix-loop-helix motif (Shen and Hahn 2011). The
targets of these serine-threonine kinases in the NF-kB activation pathway are still largely unclear,
although they do not appear to be IkBa (Bonnard et al. 2000). Nevertheless, the expression of
either IKKe or TBK1 can activate NF-«xB reporter genes (Shimada et al. 1999; Tojima et al. 2000),
while they have also been proposed to phosphorylate the NF-xkB p65 subunit directly, leading to
NF- «B activation (Fitzgerald et al. 2003). Furthermore, a role for IKKe and TBK1 was identified
in interferon regulatory factor 3 and 7 (IRF3 and IRF7) activation, which are required for the

expression of type 1 interferons (IFNs), such as IFN-B, during viral infection (Fitzgerald et al.
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2003; Kawai and Akira 2010). More recently, the IKK-related kinases have also been implicated
in cell transformation and tumor progression (Shen and Hahn 2011).

The IKK family of proteins are therefore important regulators of the innate immune response
due to their role in NF-xB and IRF activation. While the signaling mechanism and downstream
targets of the canonical IKK complex (IKKafy) are well characterized, little is known about the

roles of the non-canonical homologs IKKe and TBK1.

1.4.1 Non-canonical IKKs as novel XIAP regulators

Emerging work on the non-canonical IKKs, including their distinct interaction partners and
phosphorylation targets, raises the possibility that their roles extent beyond NF-«B activation. As
such, recent studies have found that a member of the fly IKK family, termed DmIKKZe, is a novel
antagonist of DIAP1 (Kuranaga et al. 2006; Oshima et al. 2006). DmIKKe was shown to
phosphorylate DIAPI1, leading to its ubiquitination and degradation by the proteasome. Its
mammalian ortholog TBK1 (also known as NF-kB-activating kinase (NAK)) also depleted DIAP1
from cultured cells and could phosphorylate the mammalian ortholog XIAP (Kuranaga et al. 2006).
In vivo, DmIKKe was important for proper sensory organ precursor (SOP) development in the
wing imaginal disc, which requires regulated DRONC caspase activity (Kuranaga et al. 2006).
Moreover, DmIKKe activity is crucial for F actin assembly and proper development of the fly
tracheal system (Oshima et al. 2006). Therefore, DmIKKe activity mediates caspase activation via
inhibition of IAPs, however its role does not appear to be regulation of apoptosis. Unlike the
Reaper/Hid/Grim pathway, DmIKKe-mediated degradation of DIAP1 does not induce cell death,
but rather promotes the non-apoptotic functions of the caspase DRONC, such as regulation of cell

morphology, migration, proliferation and differentiation (Kuranaga et al. 2006; Oshima et al.
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2006).

Interestingly, the mammalian IKKe was also recently shown to promote the phosphorylation
and degradation of XIAP in virus-infected cells, resulting in their sensitization to apoptosis
(Nakhaei et al. 2012). Meanwhile, its closely-related homolog TBK1 could also target XIAP for
phosphorylation but without triggering cell death. Both IKKe and TBKI1 were shown to
phosphorylate XIAP at serine 430 (Ser430) located within its RING domain, in vitro and in vivo
(Nakhaei et al. 2012). Phosphorylation of XIAP by IKKe mediated its ubiquitination on lysines
322 (K322) and 328 (K328), followed by its degradation by the proteasome. Most notably, kinase-
deficient mutants of IKKe and TBK1 were not able to mediate XIAP phosphorylation on Ser430,
which protected cells from apoptosis.

IKKe and TBK1 thus appear to have roles beyond the NF-kB signaling pathway, including
a phylogenetically conserved role in XIAP regulation in various settings. As of yet however, their
roles in regulating IAP levels within neurites have not been elucidated, but current findings raise
the possibility that they orchestrate the XIAP-mediated sub-lethal caspase activation observed in

degenerating axons following NGF withdrawal.

1.5 Purpose of this study

Axonal degeneration is a tightly controlled event, crucial for the proper development and
function of the nervous system. Due to initial overabundance of neuronal processes, degenerative
mechanisms are needed to correctly shape neural circuits and maintain homeostasis following
injury. Nevertheless, axon degeneration can become aberrant at any step of the signaling cascade
that regulates it and is known to characterize a wide range of neurological and neurodegenerative

diseases that exhibit axonal and dendritic atrophies. Therefore, understanding the signaling
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cascade that drives this process may lead to the discovery of ways to therapeutically delay or
prevent it when it becomes abnormally activated. While significant progress has been made to
identify the key regulators of this sub-lethal apoptotic pathway (Kuo et al. 2006; Unsain et al.
2013), much still remains unknown.

Caspases are known as central regulators of apoptotic cell death pathways, however
increasing evidence demonstrates their ability to carry out non-apoptotic functions in both
mammals and Drosophila (Miura 2012). The list was recently extended to include the role of
caspases in developmental axon degeneration, where their activation was shown to be
indispensable for dendritic pruning (Kuo et al. 2006) and axon elimination following NGF
withdrawal (Simon et al. 2012; Unsain et al. 2013).

As an endogenous caspase inhibitor, XIAP plays an important role regulating caspases in a
variety of settings. In neurites, it has been shown to mediate inhibition of the caspase DRONC
during periods of neural growth (Kuo et al. 2006), while also being critical for inhibition of cleaved
caspase-3 in response to NGF signaling (Unsain et al. 2013). During morphogenesis or following
NGF withdrawal, XIAP-mediated caspase inhibition is relieved, allowing caspases to cleave their
substrates and proceed with axonal degeneration. The role of XIAP in caspase regulation appears
to be phylogenetically conserved, yet little is known about the mechanisms that relieve this XIAP
brake and allows for sub-lethal caspase activation without prompting neuronal apoptosis.

Recent studies on the non-canonical IKK family members, IKKe and TBKI, began
unraveling their roles beyond NF-«B activation. As such, IKKe and TBK1 were shown to mediate
caspase activation by inhibiting XIAP in vitro and in vivo (Kuranaga et al. 2006; Oshima et al.
2006; Nakhaei et al. 2012). Phosphorylation of XIAP by IKKe and TBK1 mediates its auto-

ubiquitination and degradation by the proteasome, thereby liberating caspases to proceed with their
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non-apoptotic cellular functions. The roles of IKKe and TBK1 in neurites are still largely unknown
and new functions continue to emerge regularly. Given their evolutionarily conserved ability to
phosphorylate XIAP, their function might include regulation of sub-lethal caspase activity
following NGF withdrawal.

The purpose of this study is to investigate the signaling mechanisms that regulate XIAP
during axonal degeneration in mammalian neurons. Globally, the loss of XIAP from axons must
result from specific signaling events that are initiated following NGF withdrawal. Specifically, the
working hypothesis is that NGF withdrawal results in the activation of IKKe and TBK1, which
induce XIAP phosphorylation on Ser430, thereby targeting it for ubiquitination and destruction by
axonal proteasomes. Elimination of XIAP liberates caspases, which are free to proceed with axonal
degeneration. Using a direct method of investigation, the following questions were addressed:

1. Is XIAP phosphorylation at Ser430 by IKKe and TBK1 specific?
2. Is XIAP phosphorylated at Ser430 in degenerating axons in respond to NGF withdrawal?

3. Does chemical inhibition of IKKe/TBK1 affect axonal degeneration?
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2. MATERIALS AND METHODS

Mice. CD-1 mice were purchased from Charles River Laboratories. All animal procedures were
approved by the Canadian Council of Animal Care, and efforts were made to minimize the number

of manipulations and animals used.

Cell culture and transfection. HEK 293T cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) containing 10% bovine calf serum (BCS), 1% L-glutamate and 1%
penicillin/streptomycin and were maintained in 5% CO> at 37 °C. Cells were plated on 10 cm
plates with a density of 1 x 10° cells/plate 24 hours prior to transfection. The cell media was
changed 4 hours prior to addition of the Ca;PO4 precipitate to the cells. The precipitate for each
plate was formed by mixing 530 pl ddH»O with 10 pg of plasmid DNA, followed by the dropwise
addition of 600 ul 2x HBS (pH 7.05; 283 mM HEPES, 1.5 mM Na;PO4) and 60 pl 2M CaCl,.
After 20 minutes of incubation at room temperature, the entire volume was added to the plate in a
dropwise fashion and mixed gently. Finally, the media in the plates was replaced with fresh media

approximately 18 hours after transfection.

Plasmid construction and mutagenesis. Human XIAP cDNA was amplified and cloned into Myc
pcDNA3. The XIAP S430A point mutation was introduced using the Q5 site-directed mutagenesis
kit (NEB) and confirmed by DNA sequencing. It was then cloned into Myc pcDNA3.1. Flag-IKKe
was constructed by cloning human IKKe cDNA into Flag pDest12.2. IKKe K38A point mutation
was introduced using the Q5 site-directed mutagenesis kit (NEB) and verified by DNA sequencing.
It was then cloned into pDest12.2. Flag-TBK1 and Flag-TBK1 K38A plasmids were a gift from

Dr. Nathalie Grandvaux (University of Montreal).
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Immunoprecipitation of phosphorylated XIAP from HEK 293T cells. Approximately 48 hours
after transfection, the cells were placed on ice and washed once with 1 ml cold PBS-EDTA. Then,
1 ml cold RIPA (Radio-Immunoprecipitation Assay) lysis buffer supplemented with protease
inhibitors (0.5 pg/ml aprotinin, 0.5 pg/ml leupeptin, 20 pg/ml phenol methyl sulfonyl fluoride
(PMSF) and 100 pg/ml benzamidine) and phosphatase inhibitors (50 uM sodium fluoride, ImM
sodium orthovanadate, 5 mM sodium pyrophosphate and 50 uM B-glycerophosphate) was added
to each plate and incubated with shaking at 4 °C for 20 minutes. Next, the lysates were scraped off
the plates and transferred to eppendorf tubes, vortexed, and spun down at 13,200 rpm for 5 minutes.
1000 pl of lysate was transferred to new tube and designated IP (for immunoprecipitation), while
100 pl of lysate was set aside and designated as input. An equal amount of 2x Laemmli loading
buffer (4% SDS, 100 mM Dithiothreitol, 120 mM Tris pH 6.8, Bromophenol Blue, 10% Glycerol)
was added to the input tubes, which were then boiled for 5 minutes and kept at -20 °C. Next, 5 pl
of anti-XIAPS*? (phospho-XIAP) antibody was added to the IP tubes which were incubated on a
rotator at 4 °C overnight. The following morning, 50 pl of protein-A sepharose bead slurry (50%)
was added and an additional incubation of 1 hour at 4 °C was performed. Then, the supernatant
was removed and the beads were washed 4 times with 1 ml RIPA lysis buffer. After the last wash,
the beads were re-suspended in 50 pl 2x Laemmli loading buffer, boiled for 5 minutes, spun down

and stored at -20 °C.

DRG culture and treatments. Dissociated DRG explants were collected from E13.5 mouse
embryos and grown on tissue culture filter inserts (1 um pore size; BD-Falcon) that fit in 6-well
plates. The filter was coated sequentially with poly-D-lysine (1 mg/ml; Sigma-Aldrich), laminin

(10 pg/ml; Sigma-Aldrich), and collagen (0.1 mg/ml, PureCol; Advance BioMatrix). The basal
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culture media consisted of Neurobasal (Invitrogen) supplemented with 2% B-27 (Invitrogen), 1%
L-glutamate (Wisent), 1% penicillin/streptomycin (Wisent) and 20 uM 5-Fluoro-2’-deoxyuridine
(FDU) (Sigma-Aldrich). For the first 2.5 days of axonal growth, the media was also supplemented
with 12.5 ng/ml NGF (Alomone). NGF deprivation was achieved by changing the media in the
wells to an NGF-free basal medium supplemented with anti-NGF antibody Rabl (1 pg/ml).
Treatment with MRT67307 (Tocris Bioscience) consisted of pre-treating DRGs 30 minutes prior

to NGF withdrawal and then treating with 0.5 uM MRT67307 at the start of NGF deprivation.

Immunocytochemistry and quantification of axonal degeneration. DRGs grown in plastic 6-
well plates were fixed with 4% paraformaldehyde for 10 minutes at room temperature and then
blocked in blocking solution containing TBS-T, 5% skim milk and 0.3% Triton X-100. The DRGs
were then incubated overnight at 4 °C with anti-B-III-tubulin antibody, diluted 1:10,000 in
blocking solution, followed by incubation with Alexa488-conjugated goat anti-mouse secondary
antibody (The Jackson Laboratory) for 1 hour at room temperature. The wells were then filled with
PBS and DRGs were imaged using a wide-field microscope (Axioscope 2; Zeiss). Quantification
of axonal degeneration was performed by imaging whole explants. Using a script created in our
lab, one quarter of each DRG explant was divided into 50-pixel bins starting from the explant cell
body. The density in each bin was then calculated and plotted on a graph, thereby demonstrating
the area occupied by axons in each treatment condition. Statistical analysis consisted of one-way

ANOVA with post-hoc Tukey test.

Biochemical analysis of axonal preparations. Filters were washed with ice-cold PBS, and cell

bodies and axons from the top of the filter were scraped off and discarded. The filter was then
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removed from the insert and incubated in 100 pl cold RIPA buffer for 30 minutes at 4 °C with
occasional vortexing. The filter was then removed following centrifugation at 13,200 rpm for 5
minutes. The volume was increased to 1 ml with RIPA buffer and was followed by another round
of centrifugation. Then, 100 pl of lysates was set aside and designated as input. An equal amount
of 2x Laemmli loading buffer was added and stored at -20 °C. The remaining volume was used

for immunoprecipitation of phosphorylated XIAP as described above.

Western blot analysis. 293T samples (Figures 10-12) were separated on a 5%-16% SDS-
acrylamide gradient maxi gel and transferred to a nitrocellulose membrane. The membranes were
then washed in TBS-T and blocked in blotto solution containing TBS-T and 5% skim milk for 30
minutes. The blots were incubated in appropriate antibodies for 2 hours at room temperature,
washed 3 times with TBS-T, and then incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies diluted in blotto solution. Following 3 washes in TBS-T, reactive
bands were detected using enhanced chemiluminescence (ECL). DRG and other 293T samples
were separated on 10% SDS-acrylamide gel. Each experiment was replicated a minimum of 3

independent times and a representative western blot was chosen.
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3. RESULTS

3.1 NGF withdrawal results in XIAP loss and axonal degeneration

Recent studies on the physiological nature of axonal and dendritic pruning indicate that
caspases play a phylogenetically-conserved and essential role in local degenerative events of the
nervous system. To examine the role of XIAP, the only mammalian IAP family member capable
of directly inhibiting caspases, NGF-dependent DRG cultures were established using the Twiss
method (Zheng et al. 2001) (Figure 2). As such, embryonic day 13.5 (E13.5) DRG sensory neuron
explants were plated on porous filters that allow the passage of growing axons but not cell bodies.
Survival of DRG sensory neurons and robust axonal growth were supported by the presence of
NGF in the culture media for 2.5 days in vitro, following which NGF was removed from the media
and NGF deprivation was performed for 6, 12 and 24 hours. In this setting, DRG sensory neurons
undergo rapid degeneration as observed by immunocytochemical analysis (Figure 9A). In addition,
collection of DRG axons from the bottom of the filter for biochemical analysis revealed that NGF
withdrawal causes caspase-3 cleavage and a significant loss of XIAP protein during this time
period, most notable after 12 hours of NGF deprivation (Figure 9B). These results are consistent
with recent findings asserting that NGF withdrawal results in the elimination of XIAP by the
ubiquitin-proteasome system and that a caspase-IAP regulatory loop actively drives degenerative
events in the nervous system (Meier et al. 2000; Kuo et al. 2006; Simon et al. 2012; Unsain et al.
2013). Moreover, it indicates that the signaling mechanisms leading to the removal of XIAP are

critical for caspase-driven axonal degeneration in mammals.

3.2 IKKe and TBK1 phosphorylate XIAP at Serine 430 in vitro

Accumulating evidence implicates the IkB kinases IKKe and TBK1 in the downregulation

27



of XIAP leading to caspase activation, however their role in sub-lethal axonal degeneration
remains unclear. For instance, the Drosophila dmIKKe was shown to directly target DIAP1 for
phosphorylation and degradation by the proteasome to promote non-apoptotic functions of
DRONC such as regulation of cell morphology, actin dynamics and cell differentiation (Kuranaga
et al. 2006; Oshima et al. 2006). Likewise, the mammalian IKKe and TBK1 were shown to
promote the phosphorylation and degradation of XIAP in virus-infected cells, resulting in their
sensitization to apoptosis (Nakhaei et al. 2012). To begin examining the role of IKKe and TBK1
in axonal degeneration, their interaction with XIAP was first assessed in vitro in human embryonic
kidney (HEK) 293T cells. Co-expression of either wild type IKKe (Figure 10A) or wild type TBK1
(Figure 10B) decreased XIAP migration in SDS-PAGE, resulting in a molecular weight shift
indicative of protein modification. Subsequent treatment with calf intestine phosphatase (CIP)
increased XIAP migration, suggesting a phosphorylation event (Figure 10). Additionally, kinase-
deficient mutants of IKKe (IKKe**4) (Figure 11A) and TBK1 (TBK1%3%4) (Figure 11B) were
unable to decrease XIAP migration in SDS-PAGE, further demonstrating their innate ability to
phosphorylate XIAP. It was recently shown by microcapillary liquid chromatography (LC)-
MS/MS that XIAP could be phosphorylated by IKKe at Serine 430 (Ser430) (Nakhaei et al. 2012),
and that the residues surrounding the site of XIAP phosphorylation by IKKe conformed with the
consensus site (x-x-X-Y-x-pS-L-x-Y-x) previously identified as the site of IKKe phosphorylation
in the cylindromatosis deubiquitinating enzyme CYLD (Hutti et al. 2009). The Ser430 site in XIAP
is located within its RING domain and phosphorylation of this site has been shown to activate the
auto-ubiquitination function of the E3 ubiquitin ligase (Nakhaei et al. 2012). To verify the
specificity of this phosphorylation site, the XIAP Ser430 residue was mutated to an alanine (XIAP

S430A) and a phospho-specific antibody against the XIAP Ser430 phosphopeptide was generated.
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Immunoprecipitation of phosphorylated XIAP using the Ser430 phospho-specific antibody
detected phosphorylated XIAP only in cells co-expression either wild type IKKe (Figure 12B) or
wild type TBK1 (Figure 12C). However, both IKKe and TBKI1 still decreased the migration of
XIAP S430A in SDS-PAGE (Figure 12A), raising the possibility that other residues within XIAP
may also be susceptible to phosphorylation by IKKe and TBKI1. Although this finding is in
contradiction with current literature on the subject (Nakhaei et al. 2012), protein sequence analysis
(Figure 13) revealed that XIAP contains several sites similar to the previously identified IKKe
phosphorylation consensus sequence (x-x-x-Y-x-pS-L-x-Y-x). In addition, investigation of known
post-translational modifications of XIAP revealed that Threonine 429 (Thr429), adjacent to

Ser430, is also a potent XIAP phosphorylation site (PhosphoSitePlus®, www.phosphosite.org)

(Hornbeck et al. 2012) and could be a target of IKKe and TBK 1 phosphorylation.

Taken together, these results validated the phospho-specific XIAP antibody and
demonstrated the ability of the two homologous IKK family members to phosphorylate XIAP at
Ser430, a site known to activate XIAP auto-ubiquitination and degradation by the proteasome.
Most importantly, it established XIAP as a physiological substrate of IKKe and TBK1, underlining

the possibility that they play a role in XIAP regulating during axonal degeneration.

3.3 XIAP is phosphorylated at Ser430 in vivo following NGF withdrawal

To determine whether IKKe and TBK1 mediate XIAP phosphorylation following NGF
withdrawal in DRG axons, the Twiss culturing method was used. An initial reverse transcription
polymerase chain reaction (RT-PCR) analysis revealed that both IKKe and TBK1 messenger RNA
(mRNA) was present in DRG sensory neurons (data not shown). Nevertheless, because

transcriptional regulation is not the only predictor of cellular protein levels (Vogel et al. 2010),
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others being mRNA decay, translation and protein degradation, mRNA levels were not
investigated further and were simply used to confirm the presence of the transcripts in DRGs.
NGF-dependent DRG axons were deprived of NGF for 3 and 6 hours, and collected for
biochemical analysis (Figure 14). As observed above, XIAP protein levels decline progressively,
and XIAP loss is most noticeable after 12 hours of NGF deprivation (Figure 9). As such, XIAP
loss cannot be observed at early time points of NGF withdrawal, and immunoprecipitation of
phospho-XIAP revealed basal levels of the phosphorylated protein across all time points (Figure
14A). However, blocking proteasomal degradation with epoxomicin resulted in the accumulation
of phosphorylated XIAP specifically in axons deprived of NGF, while total XIAP protein levels
remained unchanged (Figure 14B). This suggests that robust XIAP phosphorylation occurs early
during the axonal degeneration process and must precede XIAP loss via the ubiquitin-proteasome
system. Furthermore, the presence of both IKKe and TBK1 mRNA following NGF withdrawal
points to the possibility of either (or both) responding to an early signal initiated by NGF

withdrawal and phosphorylating XIAP at the start of axonal degeneration.

3.4 Chemical IKKe/TBK1 inhibitor delays axonal degeneration in vivo

To determine whether phosphorylation of XIAP at Ser430 is required for axonal
degeneration, cultured DRG sensory axons were treated with the IKKe/TBKI1 inhibitor
MRT67307, which inhibits IKKe and TBK1 with ICso values of 160 and 19 nM, respectively
(Clark et al. 2011). Initial validation of the compound in vitro in 293T cells revealed that 0.5 and
1 uM of the inhibitor effectively reduced XIAP phosphorylation by TBK1, but has little to no
effect on XIAP phosphorylation by IKKe (Figure 15). This might be expected considering that

IKKe and TBK1 were greatly overexpressed in that setting, and that MRT67307 is a much more
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potent inhibitor of TBK1 than IKKe. Furthermore, immunocytochemical analysis revealed that
application of as little as 0.5 uM of MRT67307 significantly reduced axonal degeneration after 24
hours of NGF deprivation and enhanced cell body integrity (Figure 16).

Taken together, it suggests that XIAP phosphorylation at Ser430 is critical for the initiation
of events leading to XIAP loss, caspase activation and axonal degeneration. Additionally, the
ability of MRT67307 to significantly delay axonal degeneration at such a low concentration
indicates that IKKe/TBK1 play critical roles in the regulation of XIAP and activation of caspase-

dependent neurite destruction pathways.
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4. DISCUSSION

Axonal degeneration is an essential biological process that drives proper nervous system
development and repair. It is critical for the generation of all vertebrate projection systems, as well
as accurate neural circuit assembly and plasticity. Much like cellular apoptosis, axonal
degeneration is a tightly controlled event that requires integration of multiple external and internal
signals that orchestrate the ordered destruction of cellular components. Although it does not
involve cell death, it includes cytoskeleton disassembly, membrane swelling, fragmentation, and
removal of debris by local phagocytes (Saxena and Caroni 2007). Axonal degeneration therefore
represents a fine balance between life and death, wherein dysregulation at any step of the signaling
pathway that regulates it can shift this balance and engender a cascade of undesirable
consequences. Aberrant activation of degenerative pathways is extremely detrimental to neurons
and characterizes a multitude of neurological and neurodegenerative disorders such as ALS (Luo
and O'Leary 2005), Parkinson’s (Burke and O'Malley 2013) and Alzheimer’s (Tsai et al. 2004)
disease. While the pathological degeneration observed in disease is not initiated in the same way
as developmental axon degeneration, it shares many of the same features and likely involves the
co-option of late effector phases of apoptosis (Yuan and Yankner 2000). Unraveling the sequence
of events that occurs during developmental axon degeneration is thus necessary for the
development of innovative therapies that can delay or prevent this process when it becomes
pathologically activated.

One unknown aspect of the axonal degeneration signaling pathway, and the main focus of
this study, is the mechanism by which the endogenous caspase inhibitor XIAP gets regulated in
this process. Given the recent discovery of the roles of IKK-related kinases IKKe and TBK1 in the

activation of non-apoptotic functions of caspases, it is likely that their roles are similarly conserved
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in mammalian neurons. This study demonstrates the ability of IKKe and TBK1 to phosphorylate
XIAP on Ser430, a site that is phosphorylated following NGF withdrawal from DRG axons.
Furthermore, inhibition of IKKe/TBKI1 significantly delays axonal degeneration, strongly
suggesting their involvement in regulation of XIAP during caspase-dependent axonal
degeneration.

It has previously been established that physiological neurite degeneration involves the sub-
lethal activation of caspases, which are essential for degenerative events of nervous systems across
phylogeny (Kuo et al. 2006; Williams et al. 2006; Unsain et al. 2013). As endogenous caspase
inhibitors, IAPs appear to be have a conserved role in caspase regulation in a variety of settings,
and their inhibition is required for caspase activation (Unsain et al. 2013). Their role was initially
demonstrated in Drosophila, where DIAP1-mediated inhibition of the caspase DRONC must be
relieved in order for DRONC to actively drive neurite loss (Kuo et al. 2006). In the context of
mammalian axonal degeneration, this and previous studies have found that NGF deprivation
results in the elimination of XIAP from degenerating axons, with a concurrent accumulation of
cleaved and active caspase-3 (Figure 9B) (Unsain et al. 2013). Loss of XIAP in DRG axons is
most prominent after 12 hours of NGF deprivation, and DRG axons degenerate completely within
24 to 36 hours of NGF withdrawal (Figure 9A). It has previously been reported that XIAP can be
cleaved by caspase-3 (Deveraux et al. 1999; Hornle et al. 2011), raising the possibility that XIAP
degradation is a consequence of caspase-3 accumulation. However, XIAP loss is not blocked in
CASP3" axons deprived of NGF (Unsain et al. 2013). Additionally, XIAP mRNA levels remain
unchanged after NGF withdrawal, but proteasomal inhibition prevents XIAP protein loss (Unsain
et al. 2013), suggesting that XIAP is regulated at the posttranslational level. As such, XIAP loss

essentially precedes caspase accumulation, and NGF deprivation results in the destruction of XIAP
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through the ubiquitin-proteasome system. The subsequent accumulation of active caspases is
thought to drive degenerative processes that were thus far blocked by XIAP. The caspase-IAP
regulatory loop is therefore phylogenetically conserved and requires the removal of XIAP via the
proteasome for caspase-driven axonal degeneration to proceed (Meier et al. 2000; Unsain et al.
2013).

The Drosophila DmIKKe has recently been identified as a novel antagonist of DIAP1, and
thus a positive regulator of caspase activity (Montell 2006). Overexpression of DmIKKe results in
increased caspase activity and apoptotic cell death in wing imaginal discs (Kuranaga et al. 2006).
It has also been implicated in regulation of F-actin polymerization, where its overexpression causes
loss of apical-basal polarity in tracheal epithelial cells, thereby disrupting organization of the
tracheal system (Oshima et al. 2006). In both studies, DmIKKe-mediated caspase activation was
shown to result from reduction of the DIAP1 protein through its phosphorylation and subsequent
degradation. Interestingly, the physiological caspase functions activated by DmIKKe did not
involve apoptosis, but rather promoted previously defined non-apoptotic functions of caspases in
cell differentiation, actin dynamics and morphogenesis (Kuranaga et al. 2006; Oshima et al. 2006).
Recently, the mammalian homologs IKKe and TBK1 were shown to phosphorylate XIAP in the
context of a viral-induced immune response (Nakhaei et al. 2012), raising the possibility that their
role in XIAP regulation is conserved across phylogeny. The involvement of IKKe and TBK1 in
axonal degeneration was thus assessed in vitro and in vivo. Consistent with previous studies
(Nakhaei et al. 2012), IKKe and TBK1 were shown to interact with XIAP in 293T cells, where
their overexpression induced a molecular weight shift in XIAP that could be rescued by treatment
with a phosphatase (Figure 10). Furthermore, this interaction was dependent on the kinase function

of IKKe and TBK1, as overexpression of kinase-deficient mutants did not modify the migration
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of XIAP in SDS-PAGE (Figure 11). Identification of the Ser430 residue as the site of XIAP
phosphorylation by IKKe (Nakhaei et al. 2012) prompted further investigation of this
phosphorylation site located within the RING domain of XIAP. Using a Ser430 phospho-specific
antibody, this study demonstrated that IKKe and TBK1 unambiguously phosphorylate XIAP at
this residue (Figure 12B and 12C). However, IKKe and TBK1 also affected the migration of the
XIAP S430A mutant in SDS-PAGE (Figure 12A), hinting at the existence of other yet unidentified
IKKe/TBK1 phosphorylation sites within XIAP. The IKKe phosphorylation motif (x-x-x-Y-x-pS-
L-x-Y-x) was initially identified in the deubiquitinating enzyme CYLD, and contains an aromatic
residue at the -2 position and a hydrophobic residue at the +1 position of the phosphorylation site
(Hutti et al. 2009). CYLD usually functions as a negative regulator of NF-kB, deubiquitinating
adaptor proteins involved in NF-kB signaling such as TNF receptor associated factor (TRAF) 2,
TRAF6 and IKKy (Brummelkamp et al. 2003; Kovalenko et al. 2003), as well as the NF-kB family
member BCL-3 (Massoumi et al. 2006). Phosphorylation of CYLD by IKKeg at Ser418 was shown
to decrease its deubiquitinase activity, thereby increasing NF-kB signaling and promoting
tumorigenesis (Hutti et al. 2009). In contrast, phosphorylation of XIAP by IKKeg at a similar motif
on Ser430 was shown to activate the auto-ubiquitination function of the E3 ligase RING domain,
leading to Lys*-linked ubiquitination and degradation of XIAP (Nakhaei et al. 2012).
Interestingly, phosphorylation at the Ser430 residue by TBK1 did not result in cell death,
suggesting that the two homologs function through distinct mechanisms. TBK1 is known to
activate Akt following its recruitment to the exocyst complex (Ou et al. 2011), while activated Akt
has been shown to phosphorylate XIAP at Ser87 (Dan et al. 2004). Phosphorylation at this residue
inhibits the auto-ubiquitinating function of XIAP, resulting in protein stability and cell survival.

As such, Akt appears to be the TBK1 substrate that mediates its pro-survival effects, which is
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seemingly independent of the XIAP Ser430 site. Another possibility is that XIAP Ser430
phosphorylation by TBK1 is equally important for its pro-survival functions, perhaps even in
addition to Ser87 phosphorylation by Akt. While very little is known about XIAP phosphorylation,
the XIAP Thr429 residue has been reported as a endogenous phosphorylation site in vitro and in

vivo (PhosphoSitePlus®, www.phosphosite.org) (Hornbeck et al. 2012), making it a potential

target of the serine-threonine kinases IKKe and TBK1. However, the nature and physiological
relevance of this XIAP phospho-peptide has yet to emerge. Additionally, protein sequence analysis
revealed that XIAP contains a second site similar to the previously identified IKKe
phosphorylation consensus sequence, at Ser406 (x-x-x-Y-x-pS-L-x-x-x) (Figure 13), with an
aromatic residue at the -2 position and a hydrophobic residue at the +1 position of the
phosphorylation site. Although there is currently no evidence to suggest that this site is a target of
IKKe or TBK1 phosphorylation, it could prove to be a novel site of XIAP regulation and therefore
requires further investigation.

Following validation of the phospho-specific XIAP antibody and confirmation of the
interaction between XIAP and IKKe/TBK1 in vitro, XIAP phosphorylation at Ser430 was assessed
in vivo in DRG axons deprived of NGF (Figure 14). As such, phosphorylated XIAP was shown to
accumulate specifically in DRG axons deprived of NGF, while total XIAP protein levels remained
unchanged (Figure 14B). Given that a decrease in XIAP protein levels was not observed at early
time points of NGF deprivation (Figure 9 and Figure 14A), it suggests that XIAP phosphorylation
occurs early following NGF withdrawal, and must precede XIAP loss. Furthermore, XIAP
phosphorylation at Ser430 has previously been shown to result in its auto-ubiquitination and
degradation via the proteasome (Nakhaei et al. 2012), which likely also happens in degenerating

axons. This is demonstrated by blocking proteasomal degradation in degenerating axons, which
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results in the accumulation of phosphorylated XIAP (Figure 14B) that normally undergoes quick
turnover (Figure 14A). The known ability of IKKe and TBKI1 to phosphorylate XIAP at Ser430
directly implicates them in this process, further suggesting that their activation must result from a
signaling cascade initiated by NGF withdrawal.

To observe whether IKKe and TBK1 have an effect on axonal degeneration in vivo, the
chemical inhibitor MRT67307 was applied to DRG axons deprived of NGF for 24 hours (Figure
16). Although initial application of 0.5 and 1 uM of the compound on 293T cells seemed to have
a minimal effect on XIAP phosphorylation by IKKe (Figure 15), NGF-dependent axonal
degeneration was significantly delayed with 0.5 uM of MRT67307 (Figure 16). Furthermore, cell
body integrity was greatly enhanced in the presence of the compound, suggesting an inhibitory
effect on cell death pathways. Given the specificity of the compound for TBK1 (ICso = 19 nM)
and IKKe (ICso = 160), it indicates that inhibition of the IKK-related kinases blocks caspase-
dependent axonal degeneration in vivo, likely via to the inhibitory actions of XIAP. It is not
surprising that MRT67307 could not completely inhibit XIAP phosphorylation in 293T cells,
particularly because XIAP, IKKe and TBK 1 were greatly overexpressed in that setting. However,
a minimal dose of the compound significantly reduced axonal degeneration in the presence of
endogenous IKKe and TBK1, suggesting that they play important roles regulating XIAP in this
process. It will therefore be necessary to observe whether different doses of MRT67307 have a
proportional effect on XIAP phosphorylation in DRG axons in vivo, as well as on caspase-driven
axonal degeneration.

These findings provide novel insight into the mechanistic role of caspases and their
regulators in developmental axon degeneration, however they also raise a number of compelling

questions. For example, how are IKKe and TBK1 activated in this process? Is there only one
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activation pathway or does it dependent on the biological context? Do IKKe and TBK1 play similar
or distinct roles in this setting? These and many other questions will need to be answered in order
to improve current knowledge on the subject.

In the context of viral infection, binding of foreign nucleic acids (e.g. RNA or DNA from
viruses or damaged cells) to RIG-I and the melanoma differentiation-associated gene 5 (MDA-5)
leads to the activation of their caspase-recruitment domain (CARD)-like domains, which can
interact with various adaptor proteins such as TRAF3, TRAF6 and mitochondrial antiviral
signaling (MAVS) (Chau et al. 2008). These adaptors can in turn modulate the activation of various
kinases, including IKKe and TBKI1. IKKe has been characterized in association with the
mitochondrial reticular network, particularly with MAVS (Lin et al. 2006), creating a signaling
platform that mediates an apoptotic response (Nakhaei et al. 2012). In contrast, RIG-I activation
of TBK1 mediates the recruitment of TBK1 to the exocyst, where it interacts with Akt and
mediates cell survival through XIAP protein stability (Nakhaei et al. 2012). Through a distinct
mechanism, signaling via TLRs results in the activation of TRAF3 and recruitment of IKKe and
TBK1 through interaction with the adaptor protein TANK (Shen and Hahn 2011). Additionally,
activated MAVS can also signal to TRAF3, thereby bridging the NF-xB and IFN responses. IKKe
and TBK1 can further be activated through TNF signaling, via the association of TRAFs to the
TNFR-associated death domain (TRADD) adaptor protein (Chau et al. 2008). As such, the ability
of IKKe and TBK1 to be activated by a variety of signaling pathways likely contributes to their
complexity and functional diversity.

In the context of axonal degeneration, it remains unclear how NGF withdrawal triggers
activation of IKKe/TBK1. IKKe and TBKI activity is regulated through phosphorylation of

Ser172 within the classical kinase activation loop (Peters and Maniatis 2001). Earlier findings
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proposed that platelet-derived growth factor (PDGF) could stimulate TBK1 activity through
protein kinase C (Tojima et al. 2000), which lies downstream of TNFR signaling. Moreover, the
ability of TRAFs (e.g. TRAF3 and TRAF6) to bind to most members of the TNFR superfamily,
including the neurotrophin receptor p75NTR, could allow them to mediate recruitment and
activation of IKKe/TBK1 following NGF withdrawal. Cell death pathways are known to be
activated by binding of TRAFs to the death domain of p75NTR, thereby creating a platform for
recruitment of adaptors and kinases in a stimulus- and cell-dependent manner. It has recently been
reported that the multi-domain protein SARM (sterile a-motif-containing and armadillo-motif
containing protein), a member of the TLR adaptor protein family, associates with neuronal
mitochondria and is crucial for NGF-dependent and injury-induced axonal degeneration (Gerdts
et al. 2013). Interestingly, SARM was also shown to inhibit TRIF (Toll/interleukin 1 receptor
(TIR)-domain-containing adaptor protein inducing IFN-f), which is thought to recruit TBK1 to
TRAF3 following signaling through TLR3 (O'Neill and Bowie 2007). In doing so, SARM appears
to be a negative regulator of IRF and NF-«B signaling, which is perhaps necessary for re-directing
IKKe and TBKI1 to the axonal degeneration signaling pathway. While the mechanism by which
IKKe and TBK1 are activated are thus far only speculative, it is probable that their activation
results from stimulus-specific interactions with surface receptors and adaptor proteins that bring
their targets in close proximity.

The distinct mechanisms of action of IKKe and TBK1 also implicate them differently in
pathogenesis. IKKe is amplified in 30% of breast cancers and promotes tumorigenesis through the
activation of NF-kB (Eddy et al. 2005; Shen and Hahn 2011). Meanwhile, the association of TBK1
with the exocyst is essential for the transformation and survival of KRAS-driven cancer cell lines

(Bodemann and White 2008). Moreover, duplication of the TBK gene leads to normal tension
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glaucoma (NTG), which may result in retinal ganglion cell death by activation of autophagy or
altered NF-kB signaling (Ritch et al. 2014). Interestingly, the only other known NTG protein,
optineurin, is a known substrate of TBK1 phosphorylation. More recently, loss-of-function
mutations in 7BK/ were found to be implicated in familial ALS and dementia (Freischmidt et al.
2015). The identified mutations affected the C-terminal CCD2 domain of TBK1, which mediates
interactions with multiple adaptors proteins and regulate the activation of downstream signaling
pathways (Goncalves et al. 2011). Mutations of the CCD2 domain affected binding to optineurin,
but had no effect on phosphorylation and activation of IRF3. Dysregulation of optineurin is also
known to cause ALS (Maruyama et al. 2010), thereby linking the two proteins in this process. As
such, there is a strong role for TBK1 in maintaining neuronal homeostasis, probably through its
functions in regulated axonal degeneration.

While this study offers a novel interpretation of XIAP regulation in neurites, further
investigations are required. For instance, it will be important to define other phosphorylation sites
on XIAP, particularly given that IKKe and TBK1 appear to phosphorylate more than one residue
(Figure 12A). Furthermore, it will be relevant to biochemically assess XIAP phosphorylation in
vivo in the presence of MRT67307, as well as quantify the degeneration of axons that occurs in
parallel. Additionally, upstream activation of IKKe and TBK1 following NGF withdrawal could
be monitored using Ser172 phospho-specific antibodies that are commercially available (e.g. Cell
Signaling Technology #5483 and #8766) and have already been used in different contexts (e.g.
(Xie et al. 2011)). Eventually, XIAP phosphorylation status and axonal degeneration should be
observed in DRGs derived from TBK1 and IKKe null animals, which will reinforce their
implication in NGF-dependent axonal degeneration. It may also help discern their mutual

involvement in the process, which has so far been difficult to achieve. Ultimately, linking NGF
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withdrawal from surface receptors to TBK1/IKKe activation and subsequent phosphorylation of
XIAP could be achieved by genetic and pharmacological manipulations of upstream targets, such
as p75NTR and adaptor protein TRAF3.

The ultimate goal of unraveling the sequence of events leading to axonal degeneration is to
find therapeutic targets that can help prevent or manage the devastating consequences of
neurodegenerative diseases. This, and previous work, has identified the IxkB kinases IKKe and
TBKI as positive regulators of caspase activity, and were shown to be dysregulated in a number
of settings. Furthermore, given the ability of the MRT67307 inhibitor to delay axonal
degeneration, it is tempting to propose IKKe and/or TBK1 as targets for therapeutic treatment of
diseases displaying axonal atrophy. However, such assertions should be made with caution, as
much still remains to be learned about these kinases. Nevertheless, increasing evidence suggests
that blocking the functions of these non-canonical IKKs can have positive effects on the body. For
instance, inhibition of IKKe/TBKI leads to increased liver and adipose tissue inflammation, which
promotes weight loss and improved glucose tolerance in obese mice (Reilly et al. 2013).
MRT67307 has also been shown to block autophagy in cancer cells, which they require to combat
tumorigenesis-induced stress (Petherick et al. 2015). However, IKKe and TBK1 have also been
shown to be targeted by viruses to prevent inflammation and promote productive infection (Ma et
al. 2012). Given their important roles in immunity and inflammation, further investigations will
therefore be required in order to find ways to inhibit their activity in pathological settings with
minimal side effects.

Taken together, it appears that IKKe and TBK1 can mediate caspase-dependent axonal
degeneration through a mechanism resembling incomplete apoptosis. In this manner, cells harness

the activity of caspases and their regulators to accomplish housekeeping and developmental tasks
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utilizing a subset of the features of cell death pathways. In the context of axonal degeneration, this
study proposes a mechanisms by which IKKe and TBK1 mediate sub-lethal caspase activation by
regulating XIAP (Figure 17). As such, NGF withdrawal results in the initiation of a signaling
cascade that activates IKKe and TBKI1, which in turn phosphorylate XIAP and target it for
ubiquitination and degradation by axonal proteasomes. The elimination of XIAP liberates
caspases, which are free to proceed with the destruction of specific neurite segments. While further
mechanistic investigations are required, it seems likely that IKKe/TBK1-mediated caspase
activation pathways are conserved across phylogeny, and play a critical role in XIAP regulation
during developmental axon degeneration.

Finally, the work accomplished in this study brings us a little bit closer to understanding the
signaling pathways that are activated during axonal degeneration. While previous work focused
on the role of IKKe and TBK1 in immunity and cellular caspase activation, here we show that their
function as XIAP regulators is conserved in mammalian neurons, and required for activation of
caspase-dependent degenerative processes. The novel use of the IKKe/TBK1 inhibitor in this
setting further implicates these kinases in axon degeneration, and opens the door to future work
that can unravel other aspects of this critical developmental pathway. Ultimately, it may also aid
in the development of novel therapies that will improve the management and progression of many

devastating diseases of the nervous system.
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5. FIGURES AND LEGENDS
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Figure 1
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Figure 1: Overview of developmental axon degeneration. Primary axons extent long
processes in response to guidance molecules in the environment. Interstitial branches that
extend along the primary axons arborize and form local connections. Distal components of the
primary axons are then eliminated to retain only proper connections (Adapted from (Luo and
O'Leary 2005)).
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Figure 2

Cell bodies and axons

Filter €—|— e e

v

Axons

Figure 2: Twiss culturing method. Dissociated DRG explants are plated on porous filters as
illustrated. Following NGF deprivation, axons from the bottom of the filter can be collected
for immunocytochemical and biochemical analysis (Adapted from (Unsain et al. 2013)).
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Figure 3
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Figure 3: Caspase structure and activation. Caspases are synthesized as pro-enzymes that
contain an N-terminal pro-domain, a central “large subunit” and a C-terminal “small subunit”.
Activation of procaspases requires two proteolytic cleavage events at aspartate residues,
typically by other caspases. Dimerization of cleaved caspase subunits is essential for caspase
activity (Adapted from (Clarke and Tyler 2009)).
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Figure 4
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Figure 4: Schematic representation and structure of human IAP family. All IAP family
members have at least one BIR domain, which mediates interactions with caspases. The RING
domain is an E3 ligase that can direct targets to the ubiquitin-proteasome degradation system,
while caspase-recruitment domains (CARDs) can mediate homotypic protein—protein
interactions, although the binding partners of cIAP1 and cIAP2 have not been elucidated
(Adapted from (Eckelman et al. 2006)).
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Figure 5
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Figure 5: Functional domains of XIAP protein. BIR1 can interact with various IBM-
containing proteins to regulate cell signaling. BIR2 and BIR3 contain IBM-binding grooves
that interact with caspases and lock them in an inactive conformation via adjacent inhibitory
elements, while the RING domain can target proteins for proteasomal degradation (Courtesy
of Dr. Phil Barker).
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Figure 6
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Figure 6: Model of caspase regulation by XIAP in degenerating axons. XIAP normally
binds to and inhibits active caspases. Upon NGF withdrawal, XIAP is eliminated via the
proteasome and axon degeneration can process through the action of caspases (Adapted from

(Unsain et al. 2013)).
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Figure 7
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Figure 7: Endogenous IAP inhibitors in Drosophila and mammals. Homologous proteins
have evolved across phylogeny to inhibit the activity of [APs following an apoptotic stimulus.
Binding to IAPs displaces them from caspases, which are free to proceed with cell death
(Adapted from (Fuchs and Steller 2015)).
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Figure 8
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Figure 8: Structure of human NF-xB, IkB and canonical IKK protein families. Mature
NF-«B subunits do not contain ANK domains, which are unique to IxB proteins. In the
canonical pathway, IKKs mediate the phosphorylation of IkB, thereby targeting it for
ubiquitination and degradation by the proteasome. In the non-canonical pathway, IKKs
phosphorylate p100, thereby mediating its proteolytic cleavage and the activation of the NF-
kB p52 subunit (Adapted from (Ghosh and Hayden 2008)).
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Figure 9
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Figure 9: NGF withdrawal results in XIAP loss and axonal degeneration. (A) DRG
explants derived from E13.5 embryos extend long processes in response to NGF, while NGF
withdrawal results in the degeneration of axons. Immunocytochemical analysis was performed
by staining explants with anti-B-III-tubulin antibody to visualize axons (courtesy of Aaron
Johnstone). Scale bar, 200 um. (B) DRGs axons were deprived of NGF for the indicated times
and analyzed for levels of total XIAP and cleaved caspase-3 by immunoblot.
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Figure 10
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Figure 10: IKKe and TBK1 phosphorylate XIAP in vitro. (A) Overexpression of Flag-IKKe
in 293T cells decreases the migration of XIAP in SDS-PAGE. Subsequent treatment with calf
intestine phosphatase restores XIAP migration in SDS-PAGE. (B) Overexpression of Flag-
TBK1 in 293T cells decreases the migration of XIAP in SDS-PAGE. Subsequent treatment

with calf intestine phosphatase restores XIAP migration in SDS-PAGE.
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Figure 11
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Figure 11: Kinase-deficient mutants of IKKe and TBK1 do not phosphorylate XIAP. (A)
Overexpression of Flag-IKKe in 293T cells, but not Flag-IKKe**%4, decreases the migration of
XIAP in SDS-PAGE. (B) Overexpression of Flag-TBK 1 in 293T cells, but not Flag-TBK 1%384,
decreases the migration of XIAP in SDS-PAGE.
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Figure 12
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Figure 12: IKKe and TBK1 phosphorylate XIAP at Ser430. (A) Overexpression of Flag-
IKKe and Flag-TBK1 in 293T cells decreases the migration of wild-type and S430A mutant
XIAP in SDS-PAGE. Immunoprecipitation of phospho-XIAP detected XIAP phosphorylated
at Ser430 only in cells co-expressing wild-type XIAP and wild-type IKKe (B) or TBK1 (C).
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Figure 13: Potential sites of XIAP phosphorylation by IKKe and TBK1. The Ser430 site
of XIAP phosphorylation by IKKe and TBK1 conforms to the consensus sequence (x-x-x-Y-
x-pS-L-x-Y-x) previously identified as the site of [IKKe phosphorylation in the enzyme CYLD.
Sequence analysis of XIAP reveals another site that conforms to the x-x-x-Y-x-pS-L-x-Y-x
consensus sequence at Ser406. Additionally, Thr429 has been identified as a potent XIAP
phosphorylation site. Arrows points to phospho-serines within the phosphorylation sequence.
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Figure 14
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Figure 14: XIAP is phosphorylated at Ser430 following NGF withdrawal. (A) DRG axons
were deprived of NGF for the indicated times and analyzed for levels of phosphorylated and
total XIAP. At early times point, XIAP loss is not observed and only basal levels of
phosphorylated XIAP are detected. (B) Inhibition of proteasomal degradation with 1 uM
epoxomicin resulted in the accumulation of phosphorylated XIAP specifically in axons
deprived of NGF, while total XIAP levels remained unchanged. Phosphorylated XIAP was
detected by immunoprecipitation using the anti-phospho-XIAP antibody and immunoblotting

with anti-XIAP antibody.
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Figure 15
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Figure 15: MRT67307 inhibits XIAP phosphorylation in 293T cells. Application of 0.5 and
1 uM of the chemical inhibitor of IKKe/TBKI1 inhibits XIAP phosphorylation by TBK1
significantly, but has little to no effect on XIAP phosphorylation by IKKe.
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Figure 16
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Figure 16: MRT67307 delays axonal degeneration in vivo. (A) Application of 0.5 uM of the
chemical inhibitor of IKKe/TBK1 delays axonal degeneration and enhances cell body integrity.
(B) Quantification of axonal loss (**** =p < 0.0001). DRG explants were stained with anti-p3-
[II-tubulin antibody to visualize axons. Scale bar, 500 pm.
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Figure 17
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Figure 17: Proposed model of XIAP regulation by IKKe/TBK1 following NGF
withdrawal. In the presence of NGF, IKKe and TBK1 are inactive, which allows XIAP to
inhibit caspase activity. NGF withdrawal leads to the activation of IKKe and/or TBK1, which
phosphorylate XIAP and target it for degradation. This frees cleaved caspase-3 to proceed with
axonal degeneration
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