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ABSTRACT

Palmitoylation is the post-translational addition of the 16-carbon fatty acid
palmitate to protein cysteine residues. This process is best known for its roles in targeting
proteins to lipid membranes, including both the plasma membrane and vesicles.
Palmitoylation occurs in all eukaryotic cells, but appears to be particularly important in
neurons, because genetic mutation or loss of several palmitoyl acyltransferases (PATs,
the enzymes that catalyze palmitoylation), leads to predominantly neuropathological
defects. In addition, a growing number of recent studies have revealed key roles for
palmitoylation of specific proteins in neuronal regulation. However, most of these studies
have focused on how palmitoylation regulates postsynaptic protein targeting. In contrast,
it is far less clear how palmitoylation might regulate the specialized subcellular processes
that are important in axons.
One particularly important process in axons is retrograde signaling, in which
information is conveyed from distal locations back to the cell body. Following injury to
axons of the peripheral nervous system (PNS), retrograde signals are critical to activate
transcription of pro-regenerative genes. Key retrograde signaling pathways include the
DLK/JNK/c-Jun (Dual Leucine Zipper Kinase/c-Jun N-terminal Kinase/c-Jun) signaling
pathway and the GP130/JAK/STAT (Glycoprotein 130/Janus Kinase/Signal Transducer
and Activator of Transcription) signaling pathway, both of which are activated following
nerve injury and are vital to promote regeneration.
Though both of these pathways are critical for conveying distal information from
the periphery to the cell body, many of their component proteins are predicted to be
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soluble and diffusible. This raises the question of how these proteins can directionally
signal over the long distances that axons extend. Interestingly, bio-informatic and
proteomic studies suggested that DLK, GP130, JAK and STAT may be palmitoylated.
We hypothesized that palmitoylation could be important for the roles of these proteins in
retrograde signaling. Because retrograde signals are initiated in distal axons, a
considerable distance from the cell body, we further hypothesized axonally localized
PATs might play key roles in the control of retrograde signaling.
We find that the retrograde signaling protein DLK is palmitoylated at a highly
conserved cysteine residue. This modification is necessary for its localization to motile
vesicles and for its interaction with the retrograde signaling protein JIP3. Notably, we
also describe a novel role for palmitoylation in regulating DLK’s kinase activity. In
addition, our study identifies the first axonally enriched PATs in sensory neurons;
DHHC5 and DHHC8. shRNA knockdown experiments in sensory neurons reveal that
these axonal PATs control both palmitoylation and surface expression of GP130 and are
essential for GP130/JAK/STAT3-dependent retrograde signaling. These findings reveal a
novel role for palmitoylation in the control of axonal retrograde signaling, provide key
insights into the molecular roles of this modification and identify new potential targets
for therapy to improve nerve regeneration post-injury.
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CHAPTER 1
INTRODUCTION

Regulation of Protein Localization and Function by Lipid Modification
Proteins undergo a variety of covalent modifications that can markedly affect
their subcellular localization and function. Some of the most dramatic effects on protein
localization are mediated by covalent lipid modification (Greaves and Chamberlain,
2007; Resh, 1999). The attachment of a lipophilic moiety markedly increases protein
hydrophobicity, thereby facilitating interaction of previously soluble proteins with lipid
bilayers (El-Husseini and Bredt, 2002). As a result, lipid modifications can play key roles
in altering a protein’s localization, trafficking and interactions (El-Husseini and Bredt,
2002; Fukata and Fukata, 2010; Nadolski and Linder, 2007). Four covalent protein-lipid
modifications are known for intracellular proteins (Figure 1). One of these, known as
palmitoylation, involves addition of the 16 carbon (C16) fatty acid palmitate to cysteine
residues through a unique thioester linkage (Magee and Courtneidge, 1985). In addition
to palmitoylation, proteins can be regulated by other fatty acid modifications including
myristoylation and farnesylation or geranylgeranylation (together referred to as
prenylation). Myristoylation involves addition of the 14 carbon (C14) saturated fatty acid,
myristate, to N-terminal glycine residues through an amide linkage (Magee and
Courtneidge, 1985). Prenylation involves the transfer of either a farnesyl (C15) group or
a geranylgeranyl (C20) group to C-terminal cysteine residues through a thioether bond
(Zhang and Casey, 1996).
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Figure 1: Modification of Proteins by Fatty Acylation. Palmitoylation involves
addition of palmitate (shown in orange) to cysteine residues via a reversible thioester
linkage. Myristolation involves addition of myristoyl groups (shown in red) to N-terminal
glycine residues via a stable amide bond. Prenylation involves addition of unsaturated
fatty acid farnesyl (shown in green) or geranylgeranyl (shown in blue) lipids, to Cterminal cysteines via a stable thioether bond.
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Although palmitoylation, myristoylation, and prenylation all enhance protein
interaction with membranes, palmitoylation has several distinct properties that distinguish
it from other protein-lipid modifications. First, myristoyl and farnesyl groups are smaller
lipid attachments than palmitoyl groups and as a result have a lower propensity for stable
membrane attachment (Peitzsch and McLaughlin, 1993). Therefore, proteins modified
by myristate and farnesyl groups tend to sample membranes by cycling on and off until
they are subsequently modified by palmitoylation, which promotes stable membrane
attachment (Goodwin et al., 2005; Rocks et al., 2005; Shahinian and Silvius, 1995).
Second, addition of myristate is restricted to the N-terminus of proteins, while the
addition of prenyl (both farnesyl and geranylgeranyl) groups is restricted to the Cterminus of proteins (Nadolski and Linder, 2007). In contrast, palmitate addition is not
restricted to a specific region or domain and instead can in principle modify cysteine
residues located anywhere in the protein sequence (Nadolski and Linder, 2007). Third,
palmitoylation is a post-translational modification while myristoylation and prenylation
are almost always co-translational modifications (Johnson et al., 1994; Olson and Spizz,
1986; Wilcox et al., 1987; Zhang and Casey, 1996). Because it is not obligatorily coupled
to translation, palmitate addition thus has far greater potential to be regulated at specific
subcellular locations and/or in response to specific stimuli. Fourth, the stability of the
lipid interaction varies greatly between the different modifications. Myristoylation and
prenylation both result in stable and permanent lipid modifications. In contrast, the
thioester bond that links palmitate to a protein is highly reactive and labile, allowing
palmitate to be attached and removed from proteins in a dynamic and cyclic process
(Milligan et al., 1995; Mumby and Kleuss, 1994; Ross, 1995). The reversible nature of
3

the palmitate modification is another factor that allows palmitoylation to dynamically
regulate protein function or localizations in response to physiological stimuli. Finally, the
enzymes responsible for palmitate addition belong to the DHHC-family of palmitoyl
acyltransferases (DHHC-PATs) and the enzymes which catalyze the removal of palmitate
are known as thioesterases. There are nearly two dozen DHHC-PATs which can catalyze
addition of palmitate in mammalian cells (Fukata et al., 2004), whereas only a small
group of enzymes exist to catalyze addition of either myristate or prenyl groups (Resh,
1999; Zhang and Casey, 1996). The large number of DHHC-PATs provides a potential
additional level of regulation that is absent from other lipid modifications. For example,
the different DHHC-PATs may differ in their tissue expression, subcellular localization,
substrate specificities, and even in their responses to different cellular stimuli (Fukata and
Fukata, 2010; Ohno et al., 2006). Taken together, these differences suggest that
palmitoylation provides a far greater degree of flexibility and control of a protein’s
localization and function than other lipid modifications.

Technological Advances Helped Propel the Field of Palmitoylation
Modification of proteins by palmitoylation was discovered nearly 40 years ago,
but significant advancements in this field were hindered by the lack of adequate
techniques for studying this modification. In particular, palmitoylated proteins were
traditionally detected by labeling with [3H]-palmitate followed by autoradiography to
detect the degree of isotope incorporation (Schlesinger et al., 1980; Schmidt and Bracha,
1979). This method was labor-intensive and technically demanding, making
identification and characterization of palmitoylated proteins time-consuming and
4

cumbersome. Recently, the development of several novel approaches for identifying
palmitoylated proteins, as well as generation of genetic screens for discovering the
enzymes responsible for palmitoylation (DHHC-PATs) have reinvigorated the field of
palmitoylation research. One technique in particular that has helped to advance this field,
is the acyl biotin exchange (ABE) method for detecting palmitoylated proteins (Drisdel
and Green, 2004; Drisdel et al., 2006; Wan et al., 2007). ABE is a non-radioactive
method in which biotin moieties are substituted for thioester-linked palmitoyl groups
(Figure 2). Biotinylated proteins can then be affinity-purified using streptavidin-agarose
beads and identified by immunoblotting or multi-dimensional protein identification
technology (MuDPIT) for a more global analysis of palmitoylated profiles (Kang et al.,
2008; Roth et al., 2006). ABE permits detection of palmitoyl-proteins from a variety of
sources including tissue samples and complex protein extracts. Using this method to
screen for palmitoylated proteins in Saccharomyces cerevisiae, Roth et al. identified 35
novel palmitoyl-proteins and confirmed the palmitoylation of 12 known proteins.
Subsequently, ABE-MuDPIT analysis performed on rat brain synaptosomal fractions and
cultured cortical neurons confirmed 68 proteins known to be palmitoylated and identified
more than 200 new mammalian palmitoyl-proteins (Kang et al., 2008).
An alternative method for detecting palmitoylated proteins was also developed in
response to the issues associated with detecting palmitoylated proteins through
radioactive means. This method uses copper (I)-catalyzed azide-alkyne cycloaddition
(Click) chemistry, in combination with the palmitic acid analogue 17-octadecynoic acid
(17-ODYA) to metabolically label palmitoylated proteins (Martin and Cravatt, 2009).
Octadecynoylated proteins can be modified through a Click chemistry reaction with a
5

Figure 2: Acyl Biotin Exchange (ABE) Chemistry is Used to Purify Palmitoyl
Proteins. The ABE method purifies palmitoylated proteins from lysates using three main
steps. First, unmodified free sulfhydryl groups are blocked with an alkylating agent,
MMTS. Second, hydroxylamine (NH2OH) is used to cleave the thioester bond between
palmitate and the modified protein. Third, newly exposed cysteine residues are labeled
with a thiol-specific biotinylation reagent, Biotin-MMTS. The biotin-labeled proteins are
then purified with streptavidin-agarose and identified through immunoblotting.
6

biotin-azide reporter group and biotin-labeled proteins can then be affinity purified using
streptavidin-agarose for global proteomic analysis by MuDPIT. Applying this method to
lysates derived from Jurkat T cells identified over 125 candidate palmitoyl-proteins
(Martin and Cravatt, 2009). Many of the proteins identified were homologs of known
palmitoylated proteins characterized in yeast, including several SNARE (Soluble NSF
Attachment Protein Receptor) proteins, metabolic enzymes and members of the multitransmembrane solute carrier family of transporters.
Both the 17-ODYA method and the ABE method have been successfully
employed to define palmitoyl-proteomes in multiple cell types. However, there are key
differences between the two methods. The 17-ODYA method applied to living cells can
only identify proteins currently undergoing dynamic palmitate turnover. In contrast, the
ABE method can be applied to any cell-free protein extract and provides information on
the net amount of a given palmitoyl-protein, irrespective of its palmitate turnover. The
two methods are thus complementary and provide a powerful means to identify
palmitoylated proteins.

Consensus Sites for Palmitoylation
Another issue that hindered the progress of palmitoylation research is that the
amino acid sequences surrounding palmitoylated cysteine residues vary considerably
between substrates, making identification of a consensus motif for palmitoylation
difficult. Traditionally, sites of palmitoylation were identified through a lengthy process
of screening individual Cys-to-Ser site mutants for a reduction in palmitoyl signal
detected by autoradiography or more recently by ABE analysis (Hepler et al., 1996;
7

O’dowd et al., 1989; Robinson and Michel, 1995; Thomas et al., 2012). Through this
method, palmitoyl-sites could only be mapped on a case-by-case basis. However, the
large number of mapped sites now reported in the literature has led to the emergence of
common features shared by many known sites of palmitoylation. For example,
transmembrane proteins (e.g., GPCRs, synaptotagmin, and synaptobrevin) are often
palmitoylated on cysteine residues in close proximity to or even within membrane
spanning regions (El-Husseini and Bredt, 2002). The distance between the palmitoylated
cysteine and the transmembrane domain (TMD) is often critical, as deletion of only a few
residues between the cysteine and TMD can result in a loss of palmitoylation (ten Brinke
et al., 2002). In addition to clear patterns for transmembrane proteins, the presence of
several hydrophobic residues surrounding the modified cysteine is critical for
palmitoylation of many cytosolic proteins (e.g., PSD-95 and Gap43) (El-Husseini et al.,
2000; Liu et al., 1993). The proximity to TMDs and presence of hydrophobic residues
surrounding sites of palmitoylation indicate that intrinsic affinity for lipid membranes is
crucial for efficient palmitoylation. Further evidence that proximity to membranes is
important for promoting palmitoylation is seen with proteins that are dually modified by
palmitate and myristate or farnesyl groups (e.g., Src-family kinases, H-RAS and N-RAS).
These lipid modifications occur sequentially with myristoylation or farnesylation
occurring first to increase membrane interactions followed by subsequent palmitoylation
(Liu et al., 1996; Mumby and Kleuss, 1994). Lastly, palmitoylated cysteines can also be
surrounded by several basic residues, as is the case for the glutamate receptor, GluR6.
The presence of positively-charged basic amino acids likely aids in the interaction
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between the negatively charged acidic head groups of phospholipids that line the
membrane (El-Husseini and Bredt, 2002).
Importantly, the identification of large numbers of palmitoyl-sites allowed the
development of bioinformatic algorithms to predict previously unidentified palmitoylated
residues. The most widely used of these algorithms is the Clustering and Scoring Strategy
for Palmitoylation Sites Prediction (CSS-Palm) system (Wen et al., 2008). The program
uses multiple structural determinants to generate in silico predictions of likely
palmitoylated sites (Zhou et al., 2006). Though CSS-Palm has greatly enhanced the
identification of palmitoylated proteins, its ability to identify new sites is based upon
known sites and motifs of palmitoylation. This leads to a potential issue of false-negative
identification, as novel sites of palmitoylation may be inadvertently overlooked because
they do not resemble the known palmitoyl motifs used to “train” CSS-Palm.

Identification of Palmitoyl Acyltransferases (DHHC-PATs)
In addition to the advances made in identifying palmitoylated proteins and their
likely sites of palmitoylation, immense progress has been made in only the last decade to
identify the enzymes responsible for palmitate addition (i.e. DHHC-PATs). The
discovery of DHHC-PATs was initially impeded by the inability to purify these enzymes
due to their instability once solubilized and fractionated. To overcome this issue, an
elegant genetic screen in yeast was developed, which led to the discovery of the yeast
palmitoyltransferase, Erf2 (Lobo et al., 2002). Lobo and colleagues utilized a yeast strain
harboring a sensitized allele of Ras, which required palmitoylation for promotion of cell
viability. They determined that mutations in Erf2 reduced Ras palmitoylation and resulted
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in its partial mislocalization on intracellular membranes (Lobo et al., 2002). Following
identification of Erf2, Roth and coworkers identified the yeast protein, ankyrin repeatcontaining protein 1 (Akr1), as a PAT for Yeast casein kinase 2 (Yck2) (Roth et al.,
2002) . Both Erf2 and Akr1 contain a common, 50 amino acid long, cysteine rich domain
(CRD) with an Asp-His-His-Cys (DHHC) signature motif. Mutations in the DHHC motif
disrupted the palmitoyltransferase activity of Erf2 and Akr1, highlighting the importance
of this domain for enzyme activity (Lobo et al., 2002; Roth et al., 2002). Identification of
the DHHC domain in Erf2 and Akr1 aided the recognition of several other DHHCcontaining proteins in yeast (7 genes) (Roth et al., 2002). Subsequently, genes coding for
DHHC proteins were found in higher organisms including C.elegans (15 genes),
D.melanogaster (22 genes), M.musculus (23 genes) and H. sapiens (23 genes) (Bannan et
al., 2008; Fukata et al., 2004; Tsutsumi et al., 2008). Mammalian DHHC-PATs were first
identified by Fukata et al.., who searched the GenBank database for mouse cDNA clones
with significant sequence homology to the conserved DHHC domain identified in the
yeast studies. Their screen identified 23 genes encoding DHHC-containing proteins,
which they subsequently amplified and isolated from a mouse brain cDNA library
(Figure 3A). PAT activity of many identified mammalian DHHC proteins has since been
confirmed using the biochemical methods previously described in earlier sections (Fukata
et al., 2006).

The Family of DHHC-Palmitoyl Acyltransferases (DHHC-PATs)
The DHHC-PATs are classified as integral membrane proteins consisting of 4-6
transmembrane domains (TMDs) surrounding their signature DHHC domain (Figure 3B).
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The TMDs are predicted to loop back and forth across the membrane, such that the Nterminus, C-terminus and DHHC domains reside on the cytoplasmic face of the
membrane (Linder and Jennings, 2013). The DHHC domain typically lies between the
second and third TMDs and terminates within the third TMD. The DHHC domain can be
highly conserved between DHHC-PAT family members in the same species. For
example, the DHHC domains of murine DHHC3 and DHHC7 are nearly 90% identical at
the amino acid level (Fukata and Fukata, 2010) . In contrast, different PATs display much
less sequence homology outside their DHHC domains. Evidence from yeast two-hybrid
analyses and other studies suggests that one reason for this divergence may be that the
cytoplasmic N- and C-terminal domains of DHHC-PATs are important for specific
protein-protein interactions (Huang et al., 2009; Thomas et al., 2012). For example,
several DHHC proteins, including Akr1, encode ankyrin repeats within an extended Nterminal region. The ankyrin repeats in Akr1 participate in protein-protein interactions,
providing a means to bring specific substrates into close proximity of the catalytic DHHC
domain (Hemsley and Grierson, 2011). In addition, several PATs have C-terminal motifs
that allow them to bind another protein-protein interaction domain, the PSD-95/discs
large/ZO-1 (PDZ) domain (Thomas et al., 2012). In addition to the regions outside the
DHHC domain mediating substrate interactions, it has also been proposed that
intracellular localization of DHHC proteins may play a role in determining substrate
specificity (Ohno et al., 2006).

11

Figure 3: The DHHC Family of Palmitoyltransferases (DHHC-PATs). (A)
Phylogenetic tree of the murine family of DHHC-PATs based on alignment of the
cysteine rich DHHC domain. All members are integral transmembrane proteins. (B)
Proposed structure of a representative DHHC protein with four transmembrane domains
and a conserved cysteine-rich domain containing a DHHC (Asp-His-His-Cys) motif in
the cytoplasmic loop between the second and third transmembrane domains. (Adapted
from Fukata and Fukata, 2010).
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Functional Roles of Palmitoylation in Neurons
Palmitoylation can occur in all eukaryotic cells, and many PATs are expressed in
a variety of tissues (Ohno, et al., 2006). However, this modification is likely to be
particularly important in neurons where maintaining asymmetrical synaptic structures and
cellular polarity requires precise trafficking and distribution of proteins to specialized
subcellular compartments (Fukata and Fukata, 2010). Consistent with this hypothesis,
genetic mutation or loss of a number of DHHC-PATs results in predominantly
neuropathological phenotypes. In particular several genetic ‘loss-of-function’ mutations
in DHHC9 and an aberrant translocation resulting in a complete loss of DHHC15 have
been reported in patients with X-linked Intellectual Disability (XLID) (Mansouri et al.,
2005; Raymond et al., 2007). DHHC9 is responsible for palmitoylating the small GTPase
proteins HRAS and NRAS thereby regulating Ras trafficking between the Golgi
apparatus and the plasma membrane (Rocks et al., 2005). It has thus been proposed that
dysregulation of Ras protein localization through PAT dysfunction, may contribute to
certain phenotypes observed in XLID (Raymond et al., 2007). In addition to DHHC9 and
DHHC15, DHHC17 has been linked with the neurological disorder Huntington’s disease,
which is caused by an expansion of polyglutamine repeats in the huntingtin protein
(MacDonald, 1993). Polyglutamine expansions disrupt the interaction between huntingtin
protein and DHHC17 (Yanai et al., 2006). As a result of this impaired interaction,
palmitoylation of huntingtin protein is greatly reduced, which may contribute to its
accumulation in inclusion bodies and increased cellular toxicity (Huang et al., 2004;
Singaraja et al., 2002; Yanai et al., 2006). DHHC17 knockout mice have profound
impairment of hippocampal long-term potentiation (LTP) and spatial memory
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(Milnerwood et al., 2013). In addition, these mice display several behavioral and
neuropathological defects that mimic changes observed in Huntington’s disease patients
(Milnerwood et al., 2013). Finally, important neuronal roles for DHHC5 and DHHC8
have also been suggested based upon findings from mouse strains lacking expression of
these PATs. DHHC5 knockout mice exhibit impaired contextual fear conditioning,
implicating a role for DHHC5 in learning and memory (Li et al., 2010). Mice deficient
for DHHC8 exhibit a mild behavior phenotype with a deficiency in pre-pulse inhibition
and a decrease in exploratory behavior (Mukai et al., 2004). Additionally, neuronal
cultures from DHHC8 knockout mice have a diminished density of dendritic spines and
excitatory synapses (Mukai et al., 2008). The importance of DHHC8 function in neurons
is further emphasized from the fact that polymorphisms in the gene encoding DHHC8
and microdeletions on chromosome 22 encompassing the DHHC8 gene have been linked
to an increased risk for schizophrenia in certain ethnic groups (Chen et al., 2004).

Cellular Roles of Palmitoylation in Neurons
The best characterized role for palmitoylation in neurons involves targeting of
proteins to post-synaptic sites. In particular, several synaptic scaffolding proteins,
including glutamate receptor interacting protein 2 (GRIP2) and the Post-Synaptic Density
proteins 93 and 95 (PSD93, PSD95) are all palmitoylated and their synaptic targeting
depends largely on their palmitoyl-status (DeSouza et al, 2002.; El-Husseini et al, 2000;
Topinka and Bredt, 1998). In addition to regulating synaptic scaffolding proteins,
palmitoylation also regulates the synaptic targeting of structural proteins important for
cell-cell adhesion (e.g., δ-catenin) and enzymes important for dendritic spine and synapse
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regulation (e.g., LIMK1) (Brigidi et al 2014.; George et al, 2015). Lastly, palmitoylation
is not only important for targeting soluble proteins to post-synaptic sites, but also plays a
critical role in targeting many neurotransmitter receptors to synapses (e.g., NMDA-R,
AMPA-R and GABA-R) (Fang et al., 2006; Hayashi et al., 2005; Hayashi et al., 2009).
Several studies have identified the DHHC-PATs responsible for palmitoylation of these
dendritic targets. Many dendritic proteins can be palmitoylated by the Golgi-localized
PATs, DHHC3 and DHHC7 (Greaves and Chamberlain, 2011; Keller et al., 2004;
Uemura et al., 2002). This finding suggests that dendritic proteins may first be modified
at the Golgi complex by palmitoylation, which subsequently targets them for insertion
onto the synaptic membranes. Regulation of protein trafficking at the Golgi by
palmitoylation offers an opportunity for quality control of newly synthesized proteins,
whereby only those proteins modified by palmitate will be trafficked out to synapses.
Interestingly though, several post-synaptic proteins can also be palmitoylated by the
synaptodendritic DHHC-PATs, DHHC1, DHHC2, DHHC5, DHHC8 and DHHC10
(Brigidi et al., 2014; Fukata et al., 2013; Oku et al., 2013; Thomas et al., 2012; Woolfrey
et al., 2015). The presence of these PATs at or near synapses provides an opportunity for
dynamic regulation of palmitoylation in response to neuronal activity. For example, in
response to reduced synaptic activity, PSD95 palmitoylation is greatly increased resulting
in accumulation of PSD95 at the synapse, whereas enhanced synaptic activity stimulates
depalmitoylation of PSD95, leading to its subsequent endocytosis and removal from
synaptic membranes (Craven et al., 1999; El-Husseini et al., 2002).
In addition to these roles in synaptodendritic regulation, palmitoylation has also
been reported to target several proteins to axonal growth cones, including the growth
15

associated protein, Gap43, neural cell adhesion molecule 140 (NCAM140) and L1 cell
adhesion molecule (L1CAM) (Kang et al., 2008; Niethammer et al., 2002; Skene and
Virág, 1989). Many pre-synaptic vesicle proteins have also been reported to be modified
by palmitate including synaptobrevin, synaptotagmin, cysteine string protein (CSP) and
synaptosomal-associated protein 25 (SNAP25) (Kang et al., 2008; Chamberlain and
Burgoyne, 1998; Heindel et al., 2003; Hess et al., 1992; Martin and Cravatt, 2009).
However, despite the considerable number of axonal palmitoyl-proteins much less is
known regarding which DHHC-PATs might mediate palmitoylation of axonal proteins
and how palmitoylation in turn affects axonal protein localization and function.

Axonal Retrograde Signaling
This paucity of knowledge regarding axonal palmitoylation means that virtually
nothing is known regarding how palmitoylation might regulate the specialized subcellular
processes that are critical in axons. One such process is axonal retrograde signaling.
Retrograde signaling involves the physical transport of proteins from distal axonal sites
back to the cell body in order to activate transcription (Figure 4A). This process is critical
to activate transcriptional programs during neurodevelopment when axons compete for
limiting amounts of target-derived neurotrophic factors (Ginty and Segal, 2002;
Harrington and Ginty, 2013). Retrograde signaling is also functionally important to
stimulate pro-regenerative transcription following distal nerve injury (Abe and Cavalli,
2008; Hanz and Fainzilber, 2006; Rishal and Fainzilber, 2014). In both of these cases,
there is considerable evidence that retrograde signaling requires the physical transport of
proteins propelled along the axon by microtubule-associated dynein motor proteins
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(Gross et al., 2000; Holzbaur and Vallee, 1994). Initial studies utilized radioactively
labeled proteins injected into rodent neuromuscular junctions (NMJ) to demonstrate
physical retrograde trafficking of proteins in axons (Griffin et al., 1976; Reynolds et al.,
1998). Later studies utilized compartmented culture systems to demonstrate the physical
movement of axonal proteins back to the cell body. These compartmented cultures allow
for physical separation of distal axons from cell bodies, recapitulating the spatial
separation between nerve terminals and remote cell bodies that occurs in vivo (Campenot,
1977). Compartmented culture studies have focused largely on neurodevelopmental
retrograde signaling by the neurotrophin Nerve Growth Factor (NGF) and its receptor
TrkA. These studies revealed that NGF-induced TrkA activation in distal axons results in
receptor activation, internalization and subsequent retrograde movement of the
endocytosed vesicles, termed signaling endosomes, back to the cell body (Harrington and
Ginty, 2013; Riccio et al., 1997). These studies also revealed that retrograde signaling is
strongly dependent on microtubule-associated dynein motor proteins, as disruption of
microtubule structure or inhibition of dynein motors completely blocked the NGFinduced retrograde Trk signaling (Watson et al., 1999). Taken together these findings
provide a comprehensive mechanism for how NGF-TrkA retrograde signaling occurs
during neurodevelopment
In contrast to the considerable knowledge of NGF-TrkA retrograde signaling
during neurodevelopment, less is known regarding the cell biology of retrograde
signaling in response to nerve injury. The major pathways involved in retrograde
signaling in response to nerve injury include both the DLK/JNK/c-Jun (Dual LeucineZipper Kinase/c-Jun N-terminal Kinase/c-Jun) signaling cascade (Figure 4B) and the
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GP130/JAK/STAT (Glycoprotein 130/Janus Kinase/Signal Transducer and Activator of
Transcription) signaling pathway (Figure 4C) (Abe and Cavalli, 2008; Rishal and
Fainzilber, 2010). Unlike the TrkA receptor, a transmembrane protein that can be readily
internalized onto endosomes, many key components of the injury signaling pathways are
predicted soluble proteins. This raises the question of how injury signals can be
transferred retrogradely throughout the axon. Notably, however, DLK (Dual-Leucine
Zipper Kinase) appears vesicular in axons of C.elegans, D.melanogaster and M.
musculus (Lewcock et al., 2007; Xiong et al., 2010; Yan and Jin, 2012). Because NGFTrkA retrograde signals are conveyed via axonal vesicles during neurodevelopment, this
vesicle-like distribution of DLK could potentially explain how this pathway signals
retrogradely. Exactly how DLK may be targeted to axonal vesicles, though, is still
unclear. Interestingly, though, other components of retrograde injury pathways, including
GP130, JAK and STAT, were all identified in proteomic screens for palmitoyl-proteins in
non-neuronal cells (Ren et al., 2013). Palmitoylation has recently been shown to target
proteins to specific vesicles (Keith et al., 2012; Thomas et al., 2012), raising the
possibility that this modification may also control vesicular targeting of retrograde
signaling proteins. This in turn raises the broader possibility that palmitoylation is a
general mechanism necessary for dynein-dependent retrograde transport of axonal
signaling complexes.
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Figure 4: Retrograde Signaling is Important in Multiple Neuronal Signaling
Pathways (A) Schematic representation of retrograde signaling. Following distal axonal
signals information is conveyed retrogradely back to the cell soma to activate
transcriptional programs. (B) DLK is activated in response to distal axonal signals
leading to activation of downstream MAP2Ks (MKK4/7). MKK4/7 in turn
phosphorylates and activates the MAPK, JNK3, which then phosphorylates and activates
the transcription factor c-Jun. (B) In response to nerve injury, damaged tissues release
CNTF (Ciliary Neurotrophic Factor) and other related cytokines. Binding of CNTF to its
target CNTF receptor (CNTFR) leads to formation of a multi-protein complex containing
the LIF receptor (LIFR) and the GP130 receptor. This complex in turn leads to activation
of the tyrosine kinase JAK, which phosphorylates its downstream substrate Signal
Transducer and Activator of Transcription (STAT).
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CHAPTER 2
MATERIALS AND METHODS

Antibodies
The following antibodies were used: DHHC5 (rabbit), and MAP3K12 (DLK,
rabbit) [Sigma Prestige]; anti-HA11 (16B12, mouse) [Covance]; anti-c-myc (9E10,
mouse)

[Developmental

Studies

Hybridoma

Bank];

GFP-3E6

(mouse)

[Life

Technologies]; DHHC8 (rabbit) [Santa Cruz]; GM130 (mouse) [Abcam]; Gap43 (rabbit)
[Novus Biologicals]; NeuN (mouse) [EMD Millipore]; JAK1 (mouse) [BD Transduction
Labs]; SCG10 (rabbit) [Protein Technology Group]; GFP (mouse) and Neurofascin
(mouse) [NeuromAb]; p-c-Jun (Ser63, rabbit), ERK1/2 (mouse), GP130 (rabbit), JNK
(55A8,

rabbit),

pJNK

(T183/Y185,

rabbit),

total

MKK7

(rabbit),

p-MKK7

(Ser271/Thr/275, rabbit), STAT3 (rabbit), and p-STAT3 (Y705, rabbit) [Cell Signaling
Technologies].

Molecular Biology and Plasmid Isolation
Full length murine Dual-Leucine Zipper Kinase (DLK) cDNA was amplified by
PCR from a commercial template (BC57572.1, Thermo Scientific) and subcloned in
frame with a C-terminal GFP tag, into the eGFP-N-vector (Clontech). The C127S point
mutant of DLK was generated by Quickchange mutagenesis (Stratagene) of wild-type
DLK in the eGFP-N-vector. The resultant constructs were named wtDLK-GFP and DLKCS-GFP. Both wild type DLK and the C127S mutant DLK cDNAs were also subcloned
into a modified lentiviral expression vector, upstream of a C-terminal-myc-tag (Lois et
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al., 2002). The phosphorylation-site mutant DLK-T37,43A was generated by SplicingOverlap-Extension (SOE) PCR (Ho et al., 1989), while the DLK-S97A and DLKS64,66A mutants were generated by Quickchange mutagenesis (Stratagene). The
truncated ∆13-DLK mutant, which lacks the first 13 amino acids of DLK’s coding
sequence, was generated by PCR using the following forward primer: 5’ACGCCTCGAGGCCACCATGTTTGGGGGCTTTGTGTCTACTCTAAG-3’

and

subcloned into the eGFP-N vector. The DLK phosphorylation site mutants were
generated using the wtDLK-GFP vector as a template. The DLK-STP multiphosphorylation site mutant was generated as a gene synthesis product from Integrated
DNA Technologies (IDT) and consisted of nucleotides 1-306 of wild-type DLK with the
following mutations: T9A, S11A, T37A, T43A, S64A, S66A, and S97A. The DLK-STP
gene synthesis product was used to replace the corresponding region of wtDLK-GFP by
subcloning using XhoI and XbaI sites. Murine JNK3 cDNA was generated by PCR from
a commercial template (GE Healthcare) and subcloned into the N-terminally-myc-tagged
mammalian expression vector myc-pRK5 using the following forward primer: 5’ACGCGTCGACCAGCAAAAGCAAGGT-3’,

and

reverse

primer

5’-

ATAAGAATGCGGCCGCTCACCTGCAACAACCCAACGGTCCC-3’ (myc-JNK3). A
JNK3 kinase dead mutant (myc-JNK3-KD) was generated by mutating the catalytic
Lysine-55 to an Arginine residue using Quickchange mutagenesis (Stratagene). Full
length murine JIP3 cDNA, generated by PCR from a commercially available template
(Thermo Scientific) was subcloned into the N-terminally-HA-tagged mammalian
expression vector HA-pRK5 (HA-JIP3). Human MAP3K11 cDNA was obtained as a Cterminal GFP fusion from ASU plasmid repository (BC011263, DNASU). Human
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MAP3K9 (BC133706.1, DNASU) and MAP3K10 cDNAs (BC111460, DNASU) were
amplified by PCR and inserted into the eGFP-N-vector as C-terminal GFP fusions.
Murine MKK7 cDNA was amplified by PCR from a commercially available template
(CO044477, Thermo Scientific) and subcloned into the N-terminally-myc-tagged
mammalian expression vector myc-pRK5. Human GP130 cDNA (DNASU) was
amplified by PCR and inserted into an un-tagged modified lentiviral vector, in which the
ubiquitin promoter was replaced with the EF1-alpha promoter (FEW) to ensure stronger
and more specific expression in sensory neurons (Yu et al., 2011).
cDNAs encoding the mouse DHHC proteins 1, 2, 4-7, 9-17, 19, and 21-23 were a
generous gift from Dr. M. Fukata, National Institute of Physiological Sciences, Okazaki,
Japan. These DHHC-PAT cDNAs were then subcloned into the FEW vector in frame
with an N-terminal HA-tag (FEW-HA-DHHC). Murine DHHC8, 18 and 20 were gene
synthesized by Integrated DNA Technologies (IDT) and subcloned into the N-terminally
HA-tagged FEW vector. Notably, the FEW-HA-DHHC3 plasmid induced toxicity when
expressed in HEK293T cells, most likely due to the reported DHHC3-dependent
palmitoylation of the pro-apoptotic protein Bax

(Fröhlich et al., 2014). Therefore,

murine DHHC3 cDNA was subcloned into a further modified N-terminally-HA-tagged
FUW vector, in which the ubiquitin promoter was replaced with the Synapsin I promoter
(FSW-HA-DHHC3), to ensure neuron-specific expression and prevent HEK293T cell
death during lentivirus production. Human DHHC8 cDNA was PCR amplified and
subcloned into a myc-His-tagged mammalian expression vector (Ohno et al., 2006).
Catalytically inactive (DHHC → DHHS) mutants of DHHC5 and DHHC8 were
previously described (Thomas et al., 2012).
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To knock down DHHC5 expression in sensory neurons, a previously described
shRNA against DHHC5 (5’-CCTCAGATGATTCCAAGAGAT-3’; Thomas et al., 2012)
was used. To knock down DHHC8 expression, a set of four DHHC8 shRNA lentiviral
plasmids was purchased from Origene. Lentiviruses generated for each of the four
shRNAs were tested for their ability to reduce endogenous DHHC8 levels in sensory
DRG

neurons.

The

most

effective

DHHC8

CAGGATGCCACTCTCAGTGAGCCTAAAGC-3’) was

used in

shRNA
all

(5’-

subsequent

knockdown studies.
All PCR products were analyzed by DNA sequencing and verified constructs
were maintained in either E. coli DH5α (for standard plasmids) or Stbl3 (for lentiviral
plasmids). Overnight cultures were grown at 37°C supplemented with appropriate
antibiotics. The Qiagen Maxi prep kit was utilized according to the manufacturer’s
instructions to isolate plasmids from bacteria for transfection experiments.

Cell Culture and Transfection
HEK293T cells were grown in DMEM (MediaTech) supplemented with 10%
Fetal Bovine Serum (FBS, MediaTech), 100U/mL penicillin (Corning), 100μg/mL
streptomycin (Corning), and Glutagro (MediaTech). HEK293T cells were transfected
using a calcium phosphate-based method as previously described (Thomas and
Rumbaugh, 2005). Briefly, cells were grown to ~70% confluency and transfected with
4µg of all plasmids, unless otherwise noted in the figure legends. After 4h transfection,
medium was removed and cells were incubated in fresh culture medium prior to
harvesting in lysis buffer (1xPBS, 1mM EDTA, 1mM EGTA, 5mM Sodium
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Pyrophosphate, 50mM Sodium Fluoride, 1mM Sodium Orthovanadate, 1% Triton X-100)
with 1x SDS sample buffer. For transfections treated with the palmitoylation inhibitor 2Bromopalmitate (2-BrP, Sigma), cells were treated 3.5h after transfection and lysed 4.5h
after treatment. 2-BrP was prepared as a 100mM stock in ethanol and used at 20-100µM
in all studies. Sister cultures were treated with solvent control (0.1% [v/v] ethanol).

Sensory Neuron Cultures
Primary sensory neurons were cultured from the dorsal root ganglia (DRG) of rat
embryos at embryonic day 14-15 (E14-15). All animal work was approved by the
Institutional Animal Care and Use Committee of Temple University. DRGs were
dissected from E14-15 embryos and dissociated using 5mg/mL dispase (Roche) followed
by trituration and centrifugation. Sensory neuron cultures were plated on 18mm round
glass coverslips (for immunocytochemical studies), 12-well polystyrene plates (for
biochemical studies), or 22x40mm rectangular coverslips with microfluidic chambers (for
retrograde signaling and immunocytochemical studies). Prior to plating of sensory
neurons, coverslips and polystyrene plates were coated with 20mg/mL poly-L-lysine
(Sigma) and 200µg/mL laminin (Sigma) at 4°C for at least one hour, then washed three
times with deionized water and allowed to air-dry.
Microfluidic chambers were designed using AutoCAD software, based on a prior
description (Park et al., 2006). Master molds (fabricated at Stanford University
Microfluidics Foundry and Missouri State University Jordan Valley Innovation Center)
consisted of two channels (width of channels: 1500µm) connected by 450µm long
microgrooves (Figure 5). Sensory neurons were plated in one channel and their axons
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were allowed to grow through the microgrooves into the adjacent channel. The
microfluidic chambers were cast using Sylgard 184 (Dow Corning) as per manufacturer’s
instructions.
Neurons were plated at a density of 15,000 cells per well for coverslip cultures, a
density of 50,000 cells per well for biochemical cultures, and a density of 35,000 cells for
each microfluidic device. Sensory neurons were maintained in Neurobasal media
supplemented with B27, GlutaGro (Mediatech), and 25ng/mL NGF (BD Biosciences).
Fluorodeoxyuridine (FDU, 5μM) was added on DIV0 to prevent growth of non-neuronal
cells.

Figure 5: Microfluidic Chambers Used to Culture Sensory Neurons. (Left) A
microfluidic chamber mold used for sensory neuron cultures, filled with different colored
dyes to confirm fluidic isolation. Neurons are plated in cell body compartments (blue in
left image) and their axons then grow through small central microgrooves (450μm long,
3μm high, 10μm wide) into distal axonal chambers (red in left image). (Right) Image of
neurons grown in microfluidic chambers and infected with virus expressing GFP. Note
cell bodies restricted to the left hand compartment and extensive axon growth in the right
hand compartment.
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Lentiviral Production and Infection
VSV-G pseudotyped lentivirus was generated as previously described (Thomas et
al., 2012). For shRNA expressing viruses, HEK293T cells were transfected with either
FUGW or FUGW-shRNA (FUGW-DLKsh, FUGW-DHHC5sh, or pGFP-C-DHHC8sh)
plus the lentiviral helper plasmids VSV-G, pMDLg and RSV-Rev. Supernatant
containing virus was harvested at 48h and 72h post-transfection, concentrated by gradient
centrifugation using a sucrose cushion, and resuspended in Neurobasal medium. Absolute
titers of FUGW control virus and FUGW-shRNA virus were determined by monitoring
GFP expression in infected HEK293T cells to determine the transduction units/μL for
each virus. For knockdown studies, sensory DRG neurons were infected on DIV4-5 with
1x106-3x106 transduction units of FUGW control or FUGW-shRNA virus for 7-9d before
immunocytochemical or biochemical analysis.
For DHHC-palmitoyltransferase (PAT) expressing viruses FEW-HA-DHHC
vectors were first tested for their expression by transfecting HEK293T cells with 5-10µg
of each viral plasmid and immunoblotting to detect expression of HA-tagged DHHC
proteins. HEK293T cells were then transfected with FEW-HA-DHHC1-23 along with the
lentiviral helper plasmids. Supernatant containing virus was harvested at 48h and 72h
post-transfection, concentrated by centrifugation, and resuspended in Neurobasal
medium. DRG neurons were infected on DIV4-5 with FEW-DHHC expressing virus for
7-9d before fixing for immunocytochemical analysis.
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Immunoprecipitation
For DLK dimerization studies, HEK293T cells were transfected with either GFPtagged or myc-tagged wild-type and C127S mutant DLK plasmids. After 16-18h of
transfection, cells were lysed in immunoprecipitation buffer (IPB, Thomas et al., 2012)
and centrifuged for 10 min at 13,000 rpm, 4oC to separate any insoluble material. The
remaining supernatant was incubated with an anti-myc antibody pre-coupled to protein-G
sepharose beads (GE Healthcare) for 90 minutes at 4°C. After incubation, the beads were
washed three times with immunoprecipitation buffer to remove unbound proteins.
Purified proteins were eluted from the beads using SDS sample buffer and subsequently
evaluated by immunoblotting.
For DLK/JIP interaction studies, HEK293T cells were transfected with HAtagged JIP3 and either GFP-tagged wild type or C127S mutant DLK plasmids. After 1618h of transfection, cells were lysed and immunoprecipitations were carried out as
described above using an anti-GFP antibody pre-coupled to protein-G sepharose beads
(GE Healthcare). Following immunoprecipitation, samples were analyzed by SDS-PAGE
and immunoblotting.

Acyl Biotin Exchange (ABE) Assay
ABE assay was performed as described previously and as outlined in Figure 2
(Drisdel and Green, 2004; Drisdel et al., 2006; Wan et al., 2007). Briefly, transfected
HEK293T cells or sensory DRG neurons were lysed in 50mM HEPES (pH 7.0, 2%SDS,
1mM EDTA, 1mM EGTA, protease inhibitor cocktail (PIC, Roche)) containing 20mM
methyl-methane thiosulfonate (MMTS, Sigma) to block all free sulfhydryl groups on
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proteins. Following lysis, protein was precipitated using chilled acetone and pellets were
washed twice in excess 80% (v/v) acetone to remove excess MMTS. Precipitates were
resuspended in 50mM Tris pH7.5, 5mM EDTA, 4% SDS and PIC and 1/20 of the
resuspended lysates was denatured in SDS sample buffer for use as ‘Inputs’. The
remaining lysates were incubated for 1h at room temperature in either 0.7M
Hydroxylamine (pH7.4) or in 50mM Tris (pH 7.4), each supplemented with sulfhydrylreactive (HPDP-) biotin (Soltec Ventures). Hydroxylamine cleaves thioester bonds
(Olson, et al., 1985; Fenton and Fahey, 1986) thus revealing reactive sulfhydryl groups of
previously palmitoylated cysteine residues. Acetone precipitation was then performed to
remove excess HPDP-biotin and precipitates were resuspended in 50mM HEPES (pH7.0,
2% SDS, 1mM EDTA and PIC). Biotinylated (i.e. previously palmitoylated) proteins in
the lysates were affinity purified by incubation with Neutravidin-conjugated beads
(Thermo Scientific) for 3h at 4°C. The reducing agent beta-mercaptoethanol (1% (v/v))
was used to cleave HPDP-biotin and release purified proteins from the Neutravidin
beads. The purified proteins were denatured in SDS sample buffer and processed for
SDS-PAGE analysis.

Surface Biotinylation Assays
Sensory neurons were infected for 7-9d with either control FUGW virus or
DHHC5sh+DHHC8sh viruses and then washed three times with recording buffer (25mM
HEPES pH7.4, 0.12mM Sodium Chloride, 5mM Potassium Chloride, 2mM Calcium
Chloride, 30mM Glucose, 1mM Mg2+) on ice. Neurons were then incubated with
1mg/mL amino-reactive (Sulfo-NHS-SS-) biotin (Thermo Scientific) in recording buffer
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for 20 minutes on ice. The amino-reactive biotin is membrane-impermeable and therefore
labels amino groups of proteins expressed only on the cell surface. Cells were then
washed three times in recording buffer on ice and subsequently lysed in IPB buffer
(Thomas et al., 2012). Lysates were centrifuged to remove insoluble material and inputs
were made from the soluble fraction. The remaining soluble lysate was incubated for 90
minutes at 4°C with Neutravidin-conjugated Agarose beads (Thermo Scientific) to purify
biotinylated proteins. Lysates were then washed three times in IPB buffer (with 0.5M
NaCl) followed by three washes in IPB buffer (no salt), to remove any unbound proteins.
Purified proteins were then eluted from the beads using SDS sample buffer and
subsequently evaluated by immunoblotting.

Retrograde Signaling Assays
To evaluate c-Jun phosphorylation post-injury, distal axons in microfluidic
chambers were axotomized as previously described (Park et al., 2006). Briefly, sensory
neurons infected with FUGW or FUGW-sh viruses were axotomized by aspirating the
media from the peripheral axonal compartments using a glass Pasteur pipette connected
to a vacuum. The peripheral axonal compartments were washed twice with distilled water
by creating a forced water flow into the axon channels. Following axotomy, distal axonal
channels were re-filled with neuronal culture medium for 4h before fixing for
immunocytochemical analysis of c-Jun phosphorylation.
To evaluate STAT3 phosphorylation following CNTF stimulation, sensory
neurons cultured in microfluidic chambers were infected with either FUGW or FUGW-sh
virus for 7-9d. Media from distal axonal chambers was then removed and replaced with
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media containing 10ng/mL rat Ciliary Neurotrophic Factor (CNTF; R&D systems).
Following 1h of CNTF stimulation, neurons were fixed and analyzed for STAT3
phosphorylation by immunostaining.

Immunocytochemistry and Microscopy
For sensory neurons cultured on glass coverslips, cells were fixed in 4%
paraformaldehyde (w/v), 4% sucrose (w/v) in PBS for 10 minutes at room temperature.
For sensory neurons cultured in microfluidic chambers, 4% paraformaldehyde/sucrose
was added to both the cell body and axonal chambers for 5 minutes prior to removal of
the PDMS device. The coverslips were then incubated for an additional 5 minutes in 4%
paraformaldehyde/sucrose at room temperature. Following fixation, all coverslips were
washed with PBS and subsequently permeabilized with 0.25% Triton-X-100 (w/v) for 10
minutes at room temperature. Cells were then blocked in 10% normal goat serum (v/v,
NGS) in PBS for 1h at room temperature before staining with the appropriate primary
antibodies overnight at 4°C. Cells were then washed three times in PBS and subsequently
incubated with a 1:500 dilution of the appropriate AlexaFluor-conjugated secondary
antibodies for 1h at room temperature. Cells were washed three times in PBS nuclei were
stained with Dapi (300nM, Cell Signaling Technologies) for 10 minutes. Following Dapi
incubation, cells were washed an additional two times in PBS and coverslips were
mounted on microscope slides using Fluoromount-G (Southern Biotech).
For retrograde signaling studies, c-Jun and STAT3 phosphorylations were imaged
by fluorescence microscopy using a Nikon 80i microscope with a 10x, 0.3 NA objective.
Images of DHHC distributions were acquired using a Nikon C2 inverted confocal
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microscope with an oil immersion objective (60x, 1.3 NA).

Maximum intensity

projections were generated from individual Z slices (1.0 µm spacing, 1024 x 1024 pixel
resolution) using NIS Elements software. All images were quantitatively analyzed using
Image J software.

Immunoblotting
Western blots were performed as previously described (Thomas et al., 2012)
using primary antibodies described in the aforementioned section. Immunoblots were
developed using the appropriate secondary horseradish peroxidase-coupled antibodies
and an enhanced chemiluminescence plus (ECL) kit (Thermo Scientific).

Statistical Analysis
All experiments were conducted in triplicate, and statistical analysis completed
for each figure was performed as noted in the figure legends. Data were analyzed using a
two-tailed Student’s t-test or ANOVA with Tukey Post-hoc test where indicated. Results
with a p-value <0.05 were assigned statistical significance.
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CHAPTER 3
PALMITOYLATION OF DLK IS REQUIRED FOR ITS UNIQUE
ROLE IN AXONAL RETROGRADE SIGNALING

Introduction
To probe possible roles of palmitoylation in axonal retrograde signaling, we
focused initially on the DLK/JNK/c-Jun signaling cascade. DLK, an upstream activator
(a MAP3K) in a Mitogen-activated Protein Kinase (MAPK) signaling pathway, is a
highly evolutionarily conserved protein that is critical for responses to nerve injury in
worms, flies and mammals (Hammarlund et al., 2009; Shin et al., 2012; Xiong et al.,
2010; Yan et al., 2009). DLK’s importance in nerve injury responses was discovered
during a genetic screen in C elegans. Using mutant nematodes in which the mechanical
strain induced by locomotion causes spontaneous axon disruption (a model of nerve
injury), Hammarlund and colleagues found that loss of DLK greatly reduced the degree
of regeneration of disrupted axons in these animals (Hammarlund et al., 2009). Genetic
analysis was also used to demonstrate that DLK is critical for axon regeneration
following nerve injury in Drosophila (Xiong et al., 2010). Subsequently, using DLKconditional knockout mice, Shin and colleagues demonstrated that neuronal loss of DLK
reduces both motor and sensory axon regeneration following axotomy of the distal sciatic
nerve (Shin et al., 2012).
These and subsequent studies also provided clues as to DLK’s mechanism of
action at the molecular level. In response to nerve injury DLK becomes activated in the
axon through mechanisms that are still the subject of intense investigation, but which
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may involve physical sensing of cytoskeletal disruption (Valakh et al., 2013, 2015).
Active DLK then phosphorylates and activates MAP2Ks, predominantly MKK4, which
in turn phosphorylates and activates the downstream kinase JNK (Itoh et al., 2014; Yang
et al., 2015). JNKs have numerous cellular substrates but a key JNK target in response to
nerve injury is the transcription factor c-Jun (Figure 4B) (Bogoyevitch and Kobe, 2006),
whose phosphorylation is linked to induction of transcriptional programs necessary for
response to injury (Patodia and Raivich, 2012; Raivich et al., 2004; Ruff et al., 2012).
DLK is initially activated by injury in distal axons, but the c-Jun transcriptional
response is triggered in neuronal cell bodies, suggesting that DLK conveys retrograde
signals. This hypothesis was further supported by experiments by Ghosh and colleagues,
who found that DLK/JNK/c-Jun signaling is also activated by withdrawal of the
neurotrophin NGF from cultures of embryonic sensory neurons. In particular, they
performed in vitro studies using compartmented chambers and found that selective
withdrawal of NGF from distal axonal chambers triggered c-Jun phosphorylation in
neuronal cell bodies that was strongly DLK-dependent (Ghosh et al., 2011).
DLK is thus functionally important for retrograde signaling, but key questions
remain unanswered. In particular, DLK is a predicted soluble protein, making it unclear
how DLK conveys distal axonal information over long distances where simple diffusion
would be insufficient to maintain such signaling. Interestingly, DLK appears vesicular in
axons of C.elegans, D.Melanogaster and M.musculus, suggesting that DLK may
somehow be targeted to lipid membranes (Lewcock et al., 2007; Xiong et al., 2010; Yan
and Jin, 2012). Our bioinformatic analysis of the protein sequence of DLK identified a
highly conserved consensus site for palmitoylation (C127), upstream of its kinase domain
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(Figure 6A). Palmitoylation is best known to target proteins to the plasma membrane, but
has also been shown to target proteins to vesicles (Keith et al., 2012; Thomas et al.,
2012). We hypothesized that palmitoylation may target DLK to motile trafficking
vesicles, thereby allowing DLK to retrogradely traffic back to the cell body and stimulate
transcriptional responses.
A second question that arises from the retrograde signaling studies in vivo and in
cultured neurons is what sets DLK apart from other MAP3Ks? There are 14 other
MAP3Ks besides DLK, many of which are also expressed in sensory neurons (Lerch et
al., 2012). However, none of the other homologous MAP3Ks can compensate
functionally for the loss of DLK, either in activating c-Jun following neurotrophic
deprivation or in promoting regeneration following nerve injury (Ghosh et al., 2011; Shin
et al., 2012). The kinase domains of DLK and homologous MAP3Ks are highly similar
and several MAP3K homologs are equally effective activators of the JNK pathway in
heterologous cells and in vitro (Gallo and Johnson, 2002; Lerch et al, 2012). These
findings suggest that DLK’s unique role is not due to unique substrate specificity, but
may instead be due to specific regulation and/or localization of DLK (Gallo and Johnson,
2002). If palmitoylation were to account for DLK’s unique role in retrograde signaling
then one would strongly predict that homologous MAP3Ks are not palmitoylated. In this
regard it is very interesting that the region containing C127 is not conserved in DLK
homologs.
Finally, even if palmitoylation could provide a possible mechanism for the
assembly and transport of DLK signaling complexes, it does not readily account for how
DLK signals remain active while trafficking long distances through the axon back to the
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cell body. Several factors make trafficking of an active MAPK signaling complex over
long distances difficult. These challenges include the potential to encounter phosphatases
that might de-activate the signaling complex, and the fact that DLK is an unstable protein
whose levels are tightly regulated through ubiquitination by the PHR family of E3
ubiquitin ligases (PAM/Highwire/RPM-1). Interestingly, Lewcock and colleagues
reported that activation of DLK-JNK signaling triggers feedback phosphorylation of
DLK itself, which protects it from ubiquitin-dependent degradation (HuntworkRodriguez et al., 2013). However, we hypothesized that this positive feedback
phosphorylation might not only stabilize DLK protein levels but could also further
activate DLK in order to maintain DLK-JNK signals that traffic along the axon.
In this study, we therefore sought to determine whether DLK is palmitoylated and
if this modification could account for DLK’s unique role in axonal retrograde signaling.
The potential molecular effects of palmitoylation on DLK interactions and activity were
also addressed in this work.

Results
DLK in Uniquely Palmitoylated at a Highly Conserved Cysteine Residue
To determine if DLK is palmitoylated, ABE experiments were performed on
HEK293 cells transfected with either wtDLK-GFP or DLK-C127S-GFP, a point mutant
in which the conserved cysteine residue (C127) was mutated to a non-palmitoylatable
serine. Palmitoylation of wtDLK-GFP was readily detected in ABE assays but
palmitoylation of the DLK-CS-GFP site mutant was undetectable (Figure 6B). To further
confirm that DLK is palmitoylated, HEK293T cells transfected with wtDLK-GFP were
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treated with the palmitoylation inhibitor 2-bromopalmitate (2-BrP), which blocks the
addition of palmitate to proteins. This treatment also reduced DLK palmitoylation to
undetectable levels (Figure 6B).
To determine if endogenous DLK is palmitoylated, lysates from rat forebrain and
sensory neuron cultures were subjected to ABE. Consistent with our findings from
heterologous cells, endogenous DLK palmitoylation was readily detected in both rat
forebrain and sensory neuron lysates (Figure 6C). Taken together, these findings indicate
that DLK is palmitoylated at a highly conserved cysteine residue (i.e. C127).
We hypothesized that if palmitoylation is specific to DLK, than homologous
MAP3Ks would not be palmitoylated. To address this possibility, ABE analysis was
performed on heterologous cells transfected with DLK or the most closely related
MAP3Ks that are also expressed in sensory neurons (MAP3K9, MAP3K10 or
MAP3K11). Consistent with our predictions, we found that while wtDLK is
palmitoylated, homologous MAP3Ks are not (Figure 7B). This finding increases the
likelihood that palmitoylation could be a DLK-specific regulatory mechanism.

Palmitoylation Targets DLK to Axonal Vesicles
Addition of palmitate can target proteins to specific membranes and can even
target proteins to vesicles (Keith et al., 2012; Thomas et al., 2012). We thus hypothesized
that palmitoylation may account for DLK’s previously reported punctate localization in
axons. We found that lentivirally expressed wtDLK-GFP localized to discrete axonal
puncta in mammalian cultured sensory neurons, consistent with reports from other neuron
types (Figure 8; Lewcock et al., 2007; Xiong et al., 2010; Yan and Jin, 2012). In contrast,
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Figure 6: DLK is Palmitoylated at a Highly Conserved Cysteine Residue, C127
[Experiments by Sabrina Holland]. (A) DLK orthologs from the indicated species contain
a highly conserved cysteine residue (yellow) that is predicted to be modified by the lipid
palmitate. (B) HEK293T cells were transfected with wild type DLK (wtDLK-GFP) or the
DLK-C127S point mutant (DLK-CS-GFP). Palmitoyl-proteins were isolated by Acyl
Biotin Exchange (ABE). Palmitoylation of wtDLK-GFP is robustly detected in ABE
fractions. Treatment with the palmitoylation inhibitor 2-bromopalmitate (2-BrP, 100μM)
or C127S mutation eliminates palmitoyl-DLK signal. (C). Endogenous DLK is readily
detected in ABE fractions (lysates are 5% of the inputs) from both rat forebrain (top
panels) and cultured sensory neurons (lower panels), indicative of palmitoylation.
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neurons expressing DLK-CS-GFP, or wtDLK-GFP infected neurons treated with 2-BrP,
displayed only diffuse GFP fluorescent signals (Figure 8). The DLK axonal puncta
colocalized with markers for motile trafficking vesicles (Sabrina Holland and Gareth
Thomas, unpublished result). Taken together these results suggest that palmitoylation
controls DLK’s vesicular distribution in axons.

DLK Palmitoylation is Required for its Role in Axonal Retrograde Signaling
To determine the importance of palmitoylation for DLK’s role in axonal
retrograde signaling, axotomy experiments were performed on sensory DRG cultures
grown in microfluidic chambers. Cultures were infected with either control virus or virus
expressing DLK shRNA (DLKsh) to reduce endogenous DLK levels. DLK expression
was then restored by infection with shRNA-resistant wild type or CS mutant DLK virus
(wtDLKresc or DLK-CSresc). After infection, distal axons of the sensory neurons were
axotomized and cell bodies were immunostained to detect c-Jun phosphorylation (Figure
9A). Cultures that were either uninfected or infected with a control virus (expressing
GFP) displayed robust phospho-c-Jun expression following injury. Strikingly, cells that
had been infected with DLKsh virus completely lacked c-Jun phosphorylation following
axotomy (Figures 9B&C). Interestingly, the loss of c-Jun activation was rescued by coinfected wtDLKresc but not by DLK-CSresc (Figures 9B&C). Consistent with published
studies, these data show that DLK is required for c-Jun phosphorylation following nerve
injury. Notably, however, our studies show that only palmitoylated DLK can perform this
role.
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Figure 7: DLK is Palmitoylated and Homologous MAP3Ks are not. (A) Schematic of
DLK/Mixed Lineage Kinase (MLK) family of MAP3Ks. MAP3K9-11(MLK1-3,
respectively) kinase domains and leucine zippers (LZ) are similar to DLK (MAP3K12)
but MAP3K9-11 lack the consensus palmitoylation motif (shown in yellow). DLK lacks
the conserved Src Homology 3 (SH3) and Cdc42 and Rac-interactive binding (CRIB)
domains present in MAP3K9-11. (B) ABE assays were performed on lysates from
HEK293T cells transfected with GFP-tagged DLK or the indicated MAP3Ks.
Palmitoylation of wild type DLK was readily detected while palmitoylation of
homologous MAP3Ks (MAP3K9-11) was not. The DLK-CS-GFP was used as a negative
control for these studies, as it had been previously shown that this mutant is not
palmitoylated.
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Palmitoylation is not Required for DLK Dimerization
These initial studies revealed a critical functional role for DLK palmitoylation in
injury induced c-Jun phosphorylation, but the molecular basis for this result was unclear.
In addition to mediating membrane targeting of proteins, palmitoylation can also regulate
protein-protein interactions. DLK forms homodimers through association of its leucine
zipper domains and this dimerization is required for functional activity of DLK (Nihalani
et al., 2000). To determine if palmitoylation affects DLK’s ability to dimerize, coimmunoprecipitation experiments were performed. HEK293 cells were co-transfected
with myc-tagged plus GFP-tagged versions of either wtDLK or the palmitoylation site

Figure 8: Palmitoylation Targets DLK to Axonal Vesicles [Experiments by Sabrina
Holland]. Sensory neurons were cultured in microfluidic chambers and infected with
lentiviruses expressing either wtDLK-GFP or DLK-CS-GFP, plus the morphology
marker mCherry. Cultures were then treated with or without 2-BrP (100μM), fixed and
immunostained with the indicated antibodies. Punctate distribution of wtDLK is
disrupted by 2-BrP treatment, or by C127S mutation.
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mutant, DLK-CS. Immunoprecipitation of myc-tagged wtDLK and DLK-CS revealed
robust co-association of their respective GFP-tagged forms, suggesting both wtDLK and
DLK-CS can form stable dimers in heterologous cells (Figure 10A). These findings
suggest that palmitoylation of DLK is not required for dimer formation. In addition, this
result suggests that the overall folding of DLK is unlikely to be grossly affected by the
palmitoylation site mutation.

Palmitoylation is Essential for DLK’s Interaction with JIP3
We next sought to determine whether palmitoylation regulates DLK’s interaction
with the retrograde signaling protein, JIP3. Though DLK dimerization was unaffected by
palmitoylation, DLK also binds the retrograde signaling protein JNK-interacting Protein3 (JIP3) in transfected heterologous cells and endogenously in mouse brain lysates. We
addressed this possibility because JIP3 is required for DLK-dependent retrograde
signaling, and because knockdown of JIP3 prevents c-Jun phosphorylation in cell bodies
following selective withdrawal of NGF from axons (Ghosh et al., 2011). JIP3 binds to
dynein motor proteins, which retrogradely transport distal cargoes back to the cell body
(Arimoto et al., 2011). By linking DLK to dynein motors, JIP3 provides a possible
explanation for how DLK may traffic retrogradely along the axon. Notably, JIP3
localizes to vesicles in axons of murine sciatic nerve, raising the possibility that JIP3 and
DLK may reside on similar vesicle populations in axons (Cavalli et al., 2005). Thus,
palmitoylation may not only control targeting of DLK to vesicular membranes, but it
might also regulate its interaction with JIP3.
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Figure 9: Palmitoylation is Required for DLK’s Role in Axonal Retrograde
Signaling [Experiments by Sabrina Holland]. (A) Sensory neurons cultured in
microfluidic chambers from control (left) and axotomized (right) conditions were
immunostained for phospho-cJun (pcJun) and NeuN (neuronal nuclei marker). Cultures
were fixed and stained 6h following aspiration of the distal axonal chambers which
induces c-Jun phosphorylation in neuronal cell bodies. (B) Sensory neurons in
microfluidic chambers were infected with the indicated lentivirus, axotomized as in A,
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and immunostained with the indicated antibodies. Infection of sister cultures confirmed
that wtDLK-GFP and DLK-CS-GFP expressed at broadly equivalent levels and similar to
endogenous protein levels. (C) Quantification of data from B reveals that axotomyinduced c-Jun phosphorylation requires palmitoyl-DLK. ***: p<0.001 versus uninfected,
axotomized condition; ns: not significantly different from uninfected, axotomized
condition, ANOVA with Tukey post hoc test, n=3-5 determinations per condition.

To determine whether DLK-JIP3 binding is palmitoylation dependent, HEK293
cells were transfected with HA-JIP3 and either wtDLK-GFP or DLK-CS-GFP and coimmunoprecipitation studies performed. JIP3 interacted strongly with wild type DLK, but
JIP3 interaction with the palmitoylation site mutant, DLK-CS, was not detected (Figure
10B). These findings suggest that DLK palmitoylation is required for its interaction with
JIP3. Further, they provide a possible molecular explanation for why the DLK-CS mutant
is unable to rescue axotomy-induced c-Jun phosphorylation, because palmitoyl site
mutation prevents DLK binding to JIP3 and hence coupling of DLK to retrograde
transport.

Specific Palmitoylation of the MAP3K, DLK, is Critical for JNK3 Activation
Interestingly, the C127 palmitoylation site is close to DLK’s kinase domain.
Given this proximity, we postulated that in addition to regulating its interaction with
JIP3, palmitoylation might play a more direct role in regulating DLK’s kinase activity.
To address this possibility, HEK293 cells were transfected with myc-JNK3 and wtDLKGFP. Cells were then treated with or without 2-BrP and lysates were immunoblotted to
detect the phosphorylated, active form of JNK. Treatment with 2-BrP completely blocked
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Figure 10: DLK Palmitoylation Regulates Specific DLK Interactions. (A) HEK293T
cells were transfected with the indicated myc-tagged or GFP-tagged DLK constructs. Coimmunoprecipitation reveals that palmitoylation does not affect dimerization of DLKGFP with DLK-myc. (B) HEK293T cells were transfected with Jip3 and the indicated
GFP-tagged DLK constructs. Blots of GFP immunoprecipitates reveal that C127S
mutation disrupts DLK-Jip3 interaction.

JNK phosphorylation by wtDLK (Figure 11A), suggesting that activation of DLK’s
downstream targets is palmitoylation-dependent.
To determine whether the effect of 2-BrP was specific, we assessed whether this
compound affected JNK activation by homologous, non-palmitoylated MAP3Ks. While
phosphorylation of JNK by DLK is sensitive to treatment with 2-BrP, phosphorylation of
JNK by homologous MAP3Ks was not affected by 2-BrP (Figures 11B&C). Taken
together, these findings suggest that signaling by DLK, but not other MAP3Ks is
palmitoylation-dependent.
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Figure 11: Treatment with 2-Bromopalmitate Inhibits JNK3 Activation by DLK,
but Activation by Homologous MAP3Ks is not Affected. (A) HEK293T cells were
transfected with the indicated constructs and treated with or without 2BrP. Treatment
completely blocks JNK activation by DLK. (B) HEK293T cells were transfected with the
indicated constructs and treated with or without 2-BrP (20μM). Lysates were
immunoblotted with the indicated antibodies. (C) Quantification of B reveals treatment
with 2-BrP blocks JNK phosphorylation induced by DLK but not by homologous
MAP3Ks (mean + SEM, normalized to wtDLK-GFP). *: p<0.05 versus vehicle treated
conditions; ns: not significantly different from vehicle, t-test, n=3 determinations per
condition.
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We next assessed whether the effect of 2-Br-P on DLK signaling was
phenocopied by mutation of the C127 palmitoylation site. Although wtDLK robustly
phosphorylated and activated its downstream target MKK7, DLK-CS was unable to do so
(Figures 12A&C). Similarly, wtDLK strongly promoted JNK phosphorylation in
heterologous cells, while the DLK-CS mutant did not (Figures 12B&D). Taken together,
these findings strongly indicate that palmitoylation at C127 is critical for phosphorylation
and activation of DLK’s downstream targets.

Evidence for a DLK/JNK3 feedback phosphorylation loop
It was evident from these experiments that DLK undergoes a shift in gel
migration upon co-expression with JNK3 (Figure 12B). We postulated that this shift may
be due to JNK3-mediated phosphorylation of DLK. This hypothesis was in part based on
reports that phosphorylation events can often induce changes in protein migration on
SDS-PAGE as a result of altered molecular charge (Peck, 2006). In addition, a study
published while these experiments were in progress reported that following activation,
DLK undergoes a shift in mobility that is due to phosphorylation (Huntwork-Rodriguez
et al., 2013). To determine if the reported shift in DLK mobility is due to direct
phosphorylation by JNK3, HEK293T cells were transfected with wtDLK and either wild
type JNK3 (JNK3-WT) or a kinase dead JNK3 (JNK3-KD). In the presence of JNK3WT, but not kinase-dead JNK3, wtDLK exhibited a slight but distinct upward shift in
migration on SDS-PAGE (Figure 13A). This result suggests that the kinase activity of
JNK3 is necessary to induce the shift in DLK mobility and further suggesting that the
shift is due to a phosphorylation event (Figure 13B).
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Figure 12: Palmitoylation of DLK is Required for JNK Activation. (A&B)
HEK293T cells were transfected with myc-MKK7 (B) or myc-JNK3 (C) and either
wtDLK-GFP or DLK-CS-GFP. Lysates were immunoblotted with the indicated
antibodies. (C) Quantification of A, (mean + SEM, normalized to wtDLK-GFP). (D)
Quantification of B, (mean + SEM, normalized to wtDLK-GFP). ***: p<0.001 versus
wtDLK-GFP condition, ANOVA with Tukey post hoc test, n=3 determinations per
condition.
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This JNK-dependent feedback phosphorylation was previously reported to
increase DLK stability by protecting DLK from ubiquitin-dependent degradation
(Huntwork-Rodriguez et al., 2013). However, in the experiment above we realized that
phosphorylation of JNK3-KD by DLK was markedly reduced compared to that of JNK3WT (Figure 13A). This finding suggests that the JNK3-dependent feedback
phosphorylation of DLK further activates DLK kinase activity. This positive feedback
loop provides a possible mechanism to ensure not just the stability, but also the activity,
of DLK-JNK complexes as they traffic over long distances in axons.
Given this novel functional importance, we sought to identify sites on DLK that
are phosphorylated by JNK3 to set up this feedback loop. JNK3 preferentially
phosphorylates serine or threonine residues that are directly followed by proline (a
proline-directed serine/threonine kinase). Strikingly, DLK’s N-terminal region upstream
of the palmitoylation site contains several putative proline-directed sites. To identify
whether these sites are phosphorylated by JNK3, we first constructed a DLK deletion
mutant lacking the first 13 residues, which contains two proline-directed sites, Thr-9 and
Ser-11 (Figure 14). This DLK-∆13 mutant was equally capable of activating JNK3 when
compared to wtDLK and migrated at a similar molecular weight to wtDLK (Figure 15A).
Therefore, the potential phosphorylation sites in this deleted region, Thr-9 and Ser-11, are
insufficient to account for the DLK/JNK3 feedback phosphorylation.
We next sought to identify other potential feedback phosphorylation sites by
mutating specific combinations of serine and threonine residues in this N-terminal region
to non-phosphorylatable alanine residues (Figure 14). These DLK phosphorylation site
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Figure 13: DLK Phosphorylates Wild Type JNK3 More Efficiently Than Kinase
Dead JNK3, Possibly Due to Positive Feedback Phosphorylation. (A) HEK293T cells
were transfected with the indicated constructs. Lysates were immunoblotted to detect
phosphorylated JNK (pJNK, top panel), total JNK expression (myc, middle panel) and
MAP3K expression (GFP, bottom panel). (B) Proposed mechanism for a DLK/JNK3
feedback phosphorylation loop. Palmitoylated DLK will activate JNK3, which in turn
will phosphorylate DLK itself. Phosphorylated DLK more strongly activates JNK.
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Figure 14: Schematic Representation of the DLK Phosphorylation Site Mutants.
DLK-∆13-GFP lacks the first 13 amino acids of DLK, including the potential
phosphorylation sites Thr-9 and Ser-11. DLK-T37,43A contains mutations of Thr-37 and
Thr-43 to alanine residues, DLK-S64,66A contains mutations of Ser-64 and Ser-66 to
alanine residues and DLK-S97A contains a mutation of Ser-97 to alanine. The DLK-STP
mutant contains mutations of Thr-9, Ser-11, Thr-37, Thr-43, Ser-64, Ser-66 and Ser-97 to
alanine residues.
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mutants (DLK-T37,43A, DLK-S97A, and DLK-S64,66A) were co-expressed with JNK3WT and analyzed for their ability to activate JNK3 and for their migration on SDSPAGE. All three mutants equally activated JNK when compared to wtDLK and also
migrated more slowly on SDS-PAGE (Figure 15B&C).
These results suggested that no individual site or pair of sites was sufficient to
account for JNK3-dependent feedback phosphorylation. We therefore hypothesized that
DLK/JNK3 feedback phosphorylation involves phosphorylation of multiple residues in
the N-terminus of DLK. To address this possibility, we generated a multi-site
phosphorylation mutant (termed DLK-STP) in which the following residues were
mutated: T9A, S11A, T37A, T43A, S64A, S66A, and S97A (Figure 14). Interestingly,
JNK activation by the DLK-STP mutant was strongly reduced compared to that by
wtDLK (Figure14D). DLK-STP also did not undergo a band-shift on SDS-PAGE when
compared to wtDLK (Figure 15D). Together, these findings strongly suggest that DLKSTP does not undergo JNK3-dependent feedback phosphorylation, indicating that
multiple residues in the N-terminus of DLK are phosphorylated by JNK3 to set up the
positive feedback loop.
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Figure 15: Several Residues in DLK’s N-terminus are Phosphorylated by JNK3
(A-D)HEK293T cells were transfected with the indicated constructs. Lysates were
immunoblotted to detect phosphorylated JNK (pJNK, top panel), total JNK expression
(myc, middle panel) and DLK expression (GFP, bottom panel). JNK3 was activated
equally by wtDLK-GFP and the phosphorylation site mutants DLK-∆13-GFP (A), DLKT37,43,A (B) and DLK-S97A-GFP and DLK-S64,66A (C). JNK3activation was greatly
reduced by the DLK-STP-GFP mutant (D) in comparison to wild type (arrowhead). The
DLK-STP-GFP mutant did not exhibit a shift in gel migration (arrow, D) while all other
phosphorylation site mutants were shifted to the same degree as wt-DLK-GFP (A-C).
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Discussion
DLK is a key player in neuronal retrograde injury responses. Neuronal loss of
DLK results in a lack of c-Jun phosphorylation and delayed regeneration of both motor
and sensory neurons following injury (Shin et al., 2012). However, the mechanism by
which DLK, a predicted soluble protein, could traffic retrogradely along the axon was
unknown. Our findings revealed that DLK is modified by the lipid palmitate at a highly
conserved cysteine residue in its N-terminus. Palmitoylation localizes DLK to axonal
vesicles and is required for c-Jun activation following nerve injury, demonstrating the
importance of this modification for DLK’s role in retrograde signaling. In addition,
palmitoylation seems to be a regulatory mechanism specific to DLK, as other MAP3Ks
which do not compensate functionally for DLK loss, are not palmitoylated.
This study also finds that palmitoylation of DLK is required for its interaction
with the retrograde signaling protein JIP3 (Ghosh et al., 2011). JIP3 interacts with the
microtubule motor protein, dynein, and localizes to motile vesicles in axons (Cavalli et
al., 2005). DLK palmitoylation may therefore serve as a master regulator to assemble
vesicular DLK/JIP complexes and thus ensure motility of DLK in axons. One intriguing
possibility is that these palmitoyl-DLK/JIP3 complexes may also contain other JNK
pathway kinases such as JNK3, which co-localizes with JIP3 on axonal vesicles (Cavalli
et al., 2005).
Exactly how palmitoylation controls the DLK/JIP3 interaction is not fully
understood at the molecular level. One possible explanation is that palmitoylation targets
DLK to JIP3-positive vesicles, thereby permitting the association of DLK and JIP3. An
alternative explanation is that palmitoylation may somehow alter DLK conformation. The
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ability of the DLK-CS mutant to successfully dimerize, though, suggests that DLK
conformation is not globally affected by palmitoylation. Addition of palmitate may
therefore affect the local structure of DLK, thereby placing DLK in a configuration that
facilitates interaction with JIP3. To determine with certainty if palmitoylation alters DLK
conformation, one would need to conduct crystal structure analysis of both the palmitoyl
and unmodified forms of DLK. While technically challenging, this is an exciting possible
future direction for these studies.
Unexpectedly, in addition to regulating its interaction with JIP3, palmitoylation
also regulates DLK’s kinase activity. The experiments presented in this thesis revealed
that treatment with the palmitoylation inhibitor 2-BrP or co-expression with the DLK-CS
palmitoylation mutant prevented activation of DLK’s downstream targets MKK7 or
JNK3. We recognize that these experiments are somewhat indirect and that differential
localization in cells could account for these results. However, follow-up studies revealed
that palmitoylation-site mutation or prior treatment of cells with 2-BrP greatly reduced
DLK’s activation of its downstream MAPK, MKK7, in an in vitro assay following
immunoprecipitation. Thus, this combination of cell-based and in vitro experiments
suggest that the effect of palmitoylation on DLK is autonomous and not a secondary
consequence of cellular targeting. In addition, these studies indicate that mutation of the
conserved palmitoylated cysteine residue to serine is unlikely blocking or altering DLK
activity through introduction of a putative phosphorylation site, as treatment with 2-BrP
phenocopies the findings observed with our DLK-CS-GFP mutant. Again, the molecular
mechanism(s) that accounts for regulation of DLK activity by palmitoylation is not fully
understood. However, the same hypothesis of altered conformation used to explain the
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control of DLK/JIP3 interactions may also be used to explain how palmitoylation
regulates DLK kinase activity. Specifically, palmitoylation may affect the local structure
of DLK in such a way that access to the catalytic site or the affinity to bind substrates is
enhanced. It is therefore an intriguing possibility that palmitoylation may act like an
activatory phosphorylation event, but in this case the activatory moiety is a hydrophobic
lipid rather than a charged phosphate group.
Importantly, even though palmitoylation is critical for DLK kinase activity, it
appears not to be sufficient to activate DLK. Unpublished studies in our lab find that
palmitoyl-DLK is detectable prior to nerve injury and that DLK palmitoylation does not
change robustly following DLK activation. This suggests that palmitoylation is critical
for DLK kinase activity but that another event triggers DLK’s activation following a
distal stimulus. Exactly what this initiating event may be however is still the subject of
intense investigation in a number of studies. Recently, a role for cytoskeletal disruption in
activating the DLK pathway has been described (Valakh et al., 2013, 2015). These
studies reported that treatment of sensory neurons with microtubules destabilizing agents
resulted in robust c-Jun phosphorylation that was largely contingent upon DLK
expression (Valakh et al., 2015). Further, activation of the DLK pathway by targeting the
cytoskeleton induced a pro-regenerative state in sensory neurons. This suggests that DLK
may function as a key sensor of neuronal cytoskeletal damage and provide a possible
model for how DLK may be activated in the axons of injured nerves. Nonetheless, key
questions still remain regarding the mechanism by which cytoskeletal disruption may
trigger DLK activation.
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However, even if the exact mechanism of DLK activation remains unknown, our
findings provide an explanation for how DLK-JNK signals can remain active while
trafficking over long distances. Consistent with findings in the literature, our studies
revealed that DLK participates in a JNK-dependent feedback phosphorylation loop
(Ghosh et al., 2011). In addition to its reported role in promoting DLK stability, this
feedback phosphorylation further activates DLK’s kinase activity, thus ensuring that the
DLK-JNK module can remain active over the long times and distances required for
retrograde signaling. We also find that palmitoylation is required for DLK’s localization
to axonal vesicles. DLK targeting to vesicular membranes may serve as a protective
mechanism to ‘shield’ DLK-signaling complexes from cytoplasmic phosphatases and/or
ubiquitin ligases that would otherwise inactivate or degrade the injury signals during
retrograde transport.
The dual role of palmitoylation in controlling both DLK interaction and kinase
activity also provides a possible explanation for how DLK function can be restricted to
injury signaling. Interestingly, neuronal loss of DLK does not affect basal levels of JNK
activity but prevents the increases in JNK and c-Jun phosphorylation seen following
neurotrophic deprivation in distal axons (Ghosh et al., 2011). This suggests that DLK’s
action is somehow limited to controlling responses to axonal insult and injury, a finding
that has spurred interest in DLK as a potential therapeutic target. How DLK function is
restricted to injury signaling has been unclear, but may be accounted for by the dual
control of DLK localization and activity by palmitoylation. Our findings suggest that
palmitoylation is necessary for both DLK kinase activity and for association with the
vesicle-localized retrograde signaling protein JIP3. Therefore, palmitoyl-DLK is highly
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active but strongly binds vesicles and thus is unlikely to phosphorylate cytosolic pools of
MAP2Ks. Conversely, when DLK is depalmitoylated it dissociates from vesicles but
concomitantly loses its kinase activity. This elegant security feature may therefore
minimize aberrant phosphorylation of other JNK substrates and restrict DLK function to
injury signaling.
Another question that remains is whether palmitoylation is also important for the
pro-degenerative roles of DLK in central neurons. Degeneration of injured axons
following optic nerve crush and excitotoxicity-induced degeneration of hippocampal
neurons are both attenuated in DLK conditional knockout mice (Pozniak et al., 2013;
Watkins et al., 2013). It is not fully clear why DLK-dependent signals promote
regeneration in peripheral neurons but lead to degeneration in central neurons,
particularly when DLK-dependent phosphorylation of c-Jun is seen in all these neuronal
types. However, given that palmitoylation is critical for DLK’s kinase activity, and that
DLK is also robustly palmitoylated in central neurons, it would appear very possible that
palmitoylation also controls DLK’s pro-degenerative function in the central nervous
system.
Lastly, restriction of DLK function to injury induced retrograde signaling and its
dual roles in both pro-regenerative and pro-degenerative pathways make DLK an
attractive therapeutic target. A recent study by Patel and colleagues, describes a program
to develop inhibitors of DLK’s kinase activity (Patel et al., 2015). It would be interesting
to apply this same principle to developing inhibitors that would block DLK
palmitoylation, which would be predicted to be equally effective in preventing DLKdependent signaling. In situations where DLK signaling drives neurodegeneration (e.g.,
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following central nerve injury), strategies to inhibit DLK palmitoylation could be used in
combination with or as alternatives to small molecules that directly target DLK’s kinase
domain. Conversely, in situations where enhanced DLK signaling might be beneficial
(e.g., to increase regeneration of injured adult peripheral nerves) strategies to inhibit the
thioesterase(s) that depalmitoylates DLK holds considerable promise.
When considering the therapeutic potential of modulating DLK palmitoylation,
though, several factors must be considered. For example, in patients with both peripheral
and central nerve injuries, inhibiting palmitoylation might reduce DLK-dependent
degenerative responses, but could also produce unwanted effects of blocking beneficial
pro-regenerative signaling. In addition, inhibiting the palmitoyltransferase(s) which
palmitoylates DLK may also inhibit palmitoylation of several different cellular substrates
of these PATs, again increasing the risk of side effects. Another factor to consider when
developing potential therapeutic approaches to modulate DLK activity is the timeframe
within which treatment would need to be administered. Phosphorylation of c-Jun
becomes apparent nearly 6hr following an injury. However, given the existence of the
DLK-JNK3 positive feedback loop, it is possible that the DLK-JNK signal becomes
‘locked-on’ prior to this point, which would reduce the therapeutic window to block
effects of the signaling pathway. These are all areas that require further investigation
before effective strategies for inhibiting the negative aspects of DLK signaling can be
developed.
In summary, our studies report a novel role for palmitoylation in the control of
DLK-dependent retrograde injury signaling and in particular reveal novel roles for
palmitoylation at the molecular level. Palmitoylation is not only essential for DLK’s
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interaction with the retrograde trafficking protein JIP3, but is also required for DLK’s
kinase activity. We note that regulation of kinase activity by palmitoylation has not
previously been reported, but that ongoing studies in the Thomas lab suggest that other
kinases, and potentially other families of enzymes, are also palmitoylated. This raises the
possibility that palmitoylation-dependent control of enzyme activity is a broadly used
mechanism to ensure spatially precise control of intracellular signaling. In addition, key
mediators of axonal retrograde signaling, including the transcription factor STAT3,
importins and dynein motor proteins were recently identified as palmitoyl-proteins in
non-neuronal cells (Ren et al., 2012). These findings suggest that palmitoylation may be
critical for retrograde transport of multiple neuronal signaling proteins and not just for
DLK-dependent signaling.
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CHAPTER 4
THE AXONAL PATS DHHC5 AND DHHC8 CONTROL PALMITOYLATION,
SURFACE EXPRESSION AND SIGNALING OF GP130

Introduction
Experiments presented in Chapter 3 revealed that palmitoylation is critical for
regulating DLK activity and additional proteomic studies suggest that several other
retrograde signaling proteins are palmitoylated (Ren et al., 2012). However, in each case
the PAT responsible has not been identified. One reason for this lack of knowledge is that
the DHHC-PATs were only discovered comparatively recently and the roles of specific
PATs in axonal regulation are almost entirely unknown.
Based on additional ongoing studies, we predicted that palmitoylation of DLK,
and perhaps other retrograde signaling proteins, likely occurs out in distal axons, where
axonal retrograde signals are initiated. In particular, other experiments in the Thomas lab
revealed that palmitate turnover of DLK is very rapid, with loss of DLK palmitoylation
observed only 2hrs following treatment with the palmitoylation inhibitor 2-BrP (Figure
16). Even if DLK is trafficked out to axons at fast anterograde axonal transport rates (50400mm/day, Viancour and Kreiter, 1993), the rapid turnover of DLK palmitoylation
suggests that thioesterases would remove palmitate and render DLK inactive before it
would ever reach the distal axon. This in turn means that for palmitoyl-DLK to regulate
axonal retrograde signaling, palmitate addition likely needs to occur locally in axons,
presumably catalyzed by axonal DHHC-PATs. Many PATs are expressed in sensory
neurons (Lerch, et al., 2012), but whether they localize to sensory axons has not been
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Figure 16: Turnover of DLK Palmitoylation Is Rapid. Sensory neurons were treated
with or without 2-BrP (100μM) for 2h. Cultures were then lysed and ABE analysis
performed to detect palmitoylated DLK levels. Following treatment with 2-BrP,
palmitoyl-DLK was not detectable but DLK protein levels remained constant, indicating
a rapid turnover of DLK palmitoylation.

addressed. Prior to the beginning of this thesis the only comprehensive report of DHHCPAT localization was performed in non-neuronal cells and revealed that the majority of
mammalian PATs localize to the Golgi apparatus and endoplasmic reticulum (ER) (Ohno
et al., 2006). In addition, a small number of prior studies examined the expression and
localization of specific PATs in central nervous system (CNS) neurons. These studies
confirmed the presence of several PATs on Golgi membranes (e.g. DHHC3, 7, and 17)
but also revealed that DHHC2, DHHC5 and DHHC8 can localize to endosomal vesicles
in dendrites and/or to post-synaptic membranes (Greaves et al., 2008; Greaves et al.
2010; Noritake et al., 2009; Thomas et al., 2012) . However, no studies have examined
the localization of PATs in sensory neurons, or have described the presence of specific
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DHHC-PATs in axons of any neuronal types to date. Further, the localization of DHHCPATs described in CNS neurons may differ from their distribution in sensory neurons.
Therefore, we decided to comprehensively assess DHHC-PAT localization in sensory
neurons to determine which PATs are present in sensory axons. We predicted that
axonally localized DHHC-PATs palmitoylate DLK and/or other retrograde signaling
proteins, and that these PAT (s) would be required for axonal retrograde signaling.
In addition to the DLK pathway, another well-known retrograde signaling
pathway that is activated following distal nerve injury is the GP130/JAK/STAT signaling
cascade. In response to a distal nerve injury, several members of the IL-6 family of
neuropoietic cytokines (e.g. Ciliary Neurotrophic Factor [CNTF], Leukemia Inhibitor
Factor [LIF] and Interleukin-6 [IL-6]) are upregulated and/or released from surrounding
injured tissues (Bauer et al., 2007; Sendtner et al., 1992). Each of these cytokines binds a
distinct receptor complex on neuronal axons in order to transduce retrograde signals, but
GP130 is an obligate member of each of these complexes (Figure 17). Neither GP130 nor
the ligand-specific receptors for CNTF, LIF and IL-6 possess intrinsic tyrosine kinase
activity but GP130 associates with members of the Janus Kinase (JAK) family of
cytoplasmic tyrosine kinases (Heinrich et al., 1998). JAKs become activated after ligandinduced homo- or heterodimerization of GP130 (Figure 4C). Active JAKs in turn tyrosine
phosphorylate and activate a latent cytoplasmic transcription factor called Signal
Transducer and Activator of Transcription 3 (STAT3), which is required for induction of
pro-regenerative transcriptional programs (Heinrich et al., 1998). The importance of this
pathway for retrograde signaling is supported by reports that conditional knockout of
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Figure 17: Neuropoietic Cytokine Receptor Complexes. Schematic representation of
the various combinations of receptor subunits and signaling pathways used by members
of the IL-6 family of neuropoietic cytokines. Binding of IL-6 to its receptor leads to
homodimerization of GP130. Leukemia inhibitory factor (LIF) binds its cognate receptor
(LIFR)resulting in heterodimerization of LIFR with GP130. CNTF binds a specific GPIanchored receptor (CNTFR) and induces formation of multimeric complexes containing
CNTF, CNTFR, LIFR and GP130. Cardiotrophin 1 (CT-1) binds an as yet unidentified
receptor subunit (denoted by a question mark) that leads to heterodimerization of LIFR
and GP130. Oncostatin M (OSM) binds to its corresponding OSM receptor (OSMR)
which dimerizes with GP130. Binding of each cytokine to their corresponding receptor
complexes will activate downstream JAK/STAT signaling pathways. (Adapted from
Bauer, et al. 2007).
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GP130 delays sensory nerve regeneration following peripheral injury (Quarta et al.,
2014). In this study, the authors also demonstrated that STAT3 activation in response to
CNTF stimulation was highly dependent upon GP130. These findings clearly implicate
GP130 in pro-regenerative signaling following injury, most likely via STAT3. Consistent
with this notion, peripheral axon regeneration post-injury is also impaired by conditional
knockout of STAT3 itself (Bareyre et al., 2011). As with DLK/JNK/c-Jun signaling,
these in vivo studies suggest a requirement for retrograde transfer of the
GP130/JAK/STAT3 signal, because the injury occurs in distal axons but phospho-STAT3
is detected in neuronal cell bodies. More direct evidence for a retrograde signaling role of
the GP130/JAK/STAT3 pathway comes from studies using compartmented cultures of
sympathetic neurons, in which nuclear STAT3 phosphorylation is greatly increased
following selective treatment of distal axons with CNTF or LIF (O’Brien and Nathanson,
2007; Wang et al., 2009). These findings strongly suggest that the GP130/JAK/STAT
signaling pathway functions similarly to the DLK/JNK/c-Jun signaling cascade to
retrogradely stimulate peripheral nerve regeneration.
As with the DLK pathway, key components of the GP130 signaling pathway,
most notably JAK and STAT, are predicted soluble proteins, making it unlikely that these
proteins would traffic back to the cell body through simple diffusion. While experiments
in Chapter 3 were in progress, proteomic studies identified GP130, JAK and STAT as
likely palmitoyl-proteins (Chesarino et al., 2014; Ren et al., 2013). Therefore, we
predicted that the GP130 signaling pathway may also be regulated by palmitoylation. We
further predicted that these axonal signaling pathways may be regulated by the same
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DHHC-PATs, and that these PATs likely localize to distal axons. As a first step to testing
these hypotheses we sought to identify which PATs can localize to sensory axons.

Results
DHHC5 and DHHC8 are the only Axonally Enriched PATs in Sensory Neurons
To this point no transient transfection method has been developed to express
cDNAs of interest in embryonic sensory neurons. To screen the full complement of
mammalian DHHC-PATs, we therefore subcloned each PAT cDNA into a lentiviral
vector downstream of an N-terminal HA-tag. After verifying each HA-DHHC construct
by sequencing and by western blot analysis for correct size (Figure 18), we produced
lentiviral particles to express each PAT. Sensory neurons were then infected with a
control virus expressing GFP, plus a virus expressing one of the 23 mammalian HAtagged DHHC-PATs. Interestingly, only 2 of the 23 PATs were enriched in sensory
axons, DHHC5 and DHHC8 (Figure 19). In addition to their enrichment in sensory
axons, both DHHC5 and DHHC8 accumulated at the periphery of the neuronal soma,
indicating likely plasma membrane localization (Figure 19). This is consistent with prior
studies, which identified DHHC5 and DHHC8 as plasma membrane-localized PATs in
HEK293 cells and polarized gut epithelial cells (He et al., 2014; Ohno et al., 2006).
Of the remaining PATs, several, including DHHC3, 7, 9, 10, 11, 12, 14, 15, 16,
17, 21, and 22, exhibited a discrete perinuclear distribution in the cell soma (Figure 19).
This distribution is likely due to localization to the Golgi membrane system, as there was
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Figure 18: DHHC-PAT Constructs are Well-expressed in HEK293T cells. (A)
HEK293T cells were transfected 5-10μgof HA-tagged cDNAs for DHHC1-12. The
parent expression vector for all PATs was FEW-HA, except for DHHC3 (expressed using
FSW vector – see Methods). Lysates were immunoblotted with antibody against HA-tag.
*: Denotes that the FSW-HA vector was used for DHHC3 expression. (B) HEK293T
cells were transfected with 5-10μg FEW-HA-DHHC13-23. Lysates were immunoblotted
with antibody against HA-tag. Expression of all transferases was readily detected except
for DHHC16 and DHHC21. (C) HEK293T cells were transfected with 20μg each of
FEW-HA-DHHC16 and FEW-HA-DHHC21 to increase expression to detectable levels.
Lysates were immunoblotted to detect the HA-tag.
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Figure 19: Mammalian DHHC-PATs Have Distinct Localizations in Sensory
Neurons. Sensory neurons were infected with control lentivirus expressing GFP and the
indicated HA-tagged DHHC-PAT. Cultures were fixed 7d post-infection and
immunostained with the indicated antibodies. DHHC5 and DHHC8 were the only PATs
with strong axonal enrichment in sensory neurons. Scale bar: 20μm.

significant overlap between the HA-DHHC stain and the Golgi marker, GM130 (Figure
21). This Golgi distribution is similar to that described for many PATs in other cell types
(He et al., 2014; Ohno et al., 2006; Uemura et al., 2002). Distribution of the remaining
PATs, DHHC1, 2, 4, 6, 13, 18, 19, 20, and 23, was more diffuse but was largely
somatically restricted in sensory neurons (Figure 19). DHHC4 and DHHC6 contain ER
targeting motifs and have been reported to localize to ER membranes in other cells
(Gorleku et al., 2011). This finding suggested that the localization of DHHC4 and
DHHC6 and of other PATs that showed diffuse somatic distribution is likely to represent
ER membranes. Quantification of the cellular distribution of the entire complement of
DHHC-PATs confirmed that only DHHC5 is strongly enriched in sensory axons,
DHHC8 is slightly enriched in axons, and the remaining PATs are enriched in the cell
soma (Figure 20).
To determine whether localization of virally-expressed DHHC5 mimics the
distribution of the endogenous protein, sensory neurons were immunostained with an
anti-DHHC5 antibody. Our findings show that endogenous DHHC5 is detected in both
sensory axons and in the cell soma (Figure 22B). To verify that the signal detected by the
anti-DHHC5 antibody was specific for DHHC5 we assessed signal detected by this
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Figure 20: DHHC5 and DHHC8 are the only Axonally Enriched PATs.
Quantification of the axon/soma ratio for Average Gray Value of HA expression,
normalized to GFP Average Gray value axon/soma ratio. DHHC5 was significantly
enriched in sensory axons and DHHC8 was enriched but not significantly above the GFP
control. All other PATs were strongly enriched in the cell soma. ***:p<.0001, ANOVA,
Tukey post-hoc test, n=10-12 neurons per condition.

antibody in cultures infected with a specific shRNA to knock down DHHC5 expression.
DHHC5 knockdown eliminated signal detected by the DHHC5 antibody on western blot
(Figure 22A), and eliminated all of the axonal signal and most of the cell body signal
detected by the DHHC5 antibody in immunostaining experiments (Figure 22B).
However, a small degree of cell body signal was still detected after DHHC5 knockdown,
which could indicate either incomplete knockdown or non-specific background staining.
In addition, the accumulation of DHHC5 at the periphery of the neuron that was seen
with our virally expressed construct (Figure 22B) was not seen using the endogenous
antibody, perhaps due to the lower sensitivity of the endogenous antibody and/or lower
expression of the endogenous protein versus the virally expressed transferase. Taken
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together, these results suggest that the localization of virally-expressed and endogenous
DHHC5 is broadly similar in sensory neurons and that DHHC5 is robustly detected in
distal axons.

Axonally Localized DHHC5/8 are not Required for DLK Palmitoylation or DLKDependent Retrograde Signaling
Our findings that DHHC5/8 are the only mammalian PATs that are enriched in
sensory axons suggests that they are good candidate PATs to palmitoylate axonal
proteins. Our initial studies provided strong evidence that DLK is palmitoylated, and that
this modification is necessary for DLK’s unique role in axonal retrograde signaling.
Therefore, we initially asked whether DHHC5/8 were important for DLK-dependent
signaling in sensory axons. We predicted that if this were the case, then DHHC5/8
knockdown would reduce DLK palmitoylation and would also prevent DLK-dependent
c-Jun phosphorylation following nerve injury. To test this hypothesis, we knocked down
DHHC5 and DHHC8 in sensory neurons cultured in microfluidic chambers using
lentiviruses expressing specific shRNAs and performed axotomy by aspirating the distal
axonal chambers. We chose to knockdown DHHC5 and DHHC8 concomitantly because
in other cell types these closely related PATs can readily compensate for one another (He
et al., 2014; Thomas et al., 2012). Western blot analysis of sister cultures confirmed that
knockdown of both DHHC5 and DHHC8 was efficient in sensory cultures (Figure 24A).
In the absence of axotomy, c-Jun phosphorylation in sensory neuron nuclei was
very low (Figure 23A&B). However, following axotomy there was significant
upregulation of c-Jun phosphorylation in neurons infected with either control virus or
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Figure 21: Several DHHC-PATs Colocalize with the Golgi Marker GM130. Sensory
neurons were infected with control lenti-virus expressing GFP and the indicated HAtagged DHHC-PAT. Cultures were fixed and immunostained with the indicated
antibodies. Line profile plots for were generated for each PAT by measuring the Average
Gray values for both the red channel (HA-staining, red line) and the cyan channel
(GM130-staining, blue line) along the yellow line shown.

with virus expressing DHHC5/8 shRNAs (Figure 23A&B). These findings suggest,
unexpectedly, that DHHC5/8 do not play a critical role in DLK-dependent injury
signaling. Due to the lack of reduction in injury-induced c-Jun phosphorylation with loss
of DHHC5/8, we asked what effect the lack of these PATs had on DLK palmitoylation.
To address this issue, we performed ABE analysis of sensory neuron cultures infected
with control virus or DHHC5/8sh viruses, and assessed DLK palmitoylation. However,
DLK palmitoylation in DHHC5/8 knockdown cultures was not significantly different
from levels in cultures infected with control virus (Figure 24B-E). Therefore, we
conclude that DHHC5/8 knockdown does not reduce DLK palmitoylation, providing a
likely explanation for why axotomy-induced c-Jun phosphorylation was unaffected by the
absence of these PATs.

DHHC5/8 are Critical for GP130 Palmitoylation in Sensory Neurons
Even if DHHC5/8 are not essential for palmitoylation of DLK in sensory neurons,
these PATs may still palmitoylate other axonal proteins. To test if DHHC5/8 targets other
axonal pathways, we first examined palmitoylation of GP130/JAK/STAT3, all of which
were recently identified as likely palmitoyl-proteins. We therefore performed ABE assays
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Figure 22: Endogenous DHHC5 Localizes to Axons in Sensory Neurons. (A) Sensory
neurons were infected with either control virus or virus expressing shRNA against
DHHC5 (DHHC5sh). Knockdown of DHHC5 was verified by immunoblotting lysates of
infected neurons. Endogenous DHHC5 migrates on SDS-PAGE as multiple bands. One
likely explanation is the presence of multiple phosphorylation sites in the DHHC Cterminal tail (Munton et al., 2007). (B) Sensory neurons were infected with control virus,
DHHC5sh virus or HA-DHHC5 virus, fixed and then immunostained with the indicated
antibodies. Endogenous DHHC5 is present in sensory neurons and recapitulates the
expression pattern of FEW-HA-DHHC5. Scale bar: 20μm.
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Figure 23: DLK Retrograde Signaling is Not Affected by Loss of DHHC5/8. (A)
Sensory neurons cultured in microfluidic chambers were infected with the indicated
lentiviruses, axotomized by aspirated the distal chambers, and immunostained to detect
phospho-cJun (pcJun). (B) Quantified data reveal that axotomy-induced c-Jun
phosphorylation is not dependent upon DHHC5/8 expression. ns: not significantly
different from control axotomized condition, t-test, n=3-5 determinations per condition.
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Figure 24: Loss of DHHC5/8 does not affect DLK Palmitoylation. (A) Effective
lentiviral knockdown of DHHC5/8 in sensory neurons. Cultured sensory neurons were
infected with the indicated viruses. Western blotting of lysates confirms that levels of
both DHHC5 and DHHC8 are greatly reduced with viral expression of shRNA targeting
these PATs. (B) ABE assay of sensory cultures infected with the indicated viruses reveal
DLK palmitoylation is unchanged by loss of DHHC5/8. (C-E) Quantification of the data
in B reveal that the ratio of palmitoyl/total DLK (C), total DLK (D), and palmitoyl DLK
(E) levels are all unchanged by loss of DHHC5/8. ns: not significantly different from
control conditions, t-test, n=3 determinations per condition.
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Figure 25: Loss of DHHC5/8 reduces GP130 Palmitoylation in Sensory Neurons. (AC) Sensory cultures were infected with the indicated viruses and ABE analysis
performed. GP130 palmitoylation was greatly reduced with knockdown of DHHC5/8
(A), but JAK1 (B) and STAT3(C) palmitoylation was unchanged. Total protein levels of
GP130 (A), JAK1 (B) and STAT3 (C) were broadly similar between control and
knockdown conditions. (D-F) Quantified data from multiple determinations per
condition from A reveal that the ratio of palmitoyl/total GP130 (D), and palmitoyl GP130
(F) levels are significantly reduced by loss of DHHC5/8, while total GP130 (E) levels are
unchanged. *: p<0.05, ns: not significantly different from control conditions, t-test, n=3
determinations per condition.
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on sensory neurons infected with control virus or DHHC5/8sh viruses. Loss of DHHC5/8
significantly reduced GP130 palmitoylation (Figure 25A, D, E) without affecting
palmitoylation of JAK1 (Figure 25B) or STAT3 (Figure 25C). This result is consistent
with prior findings that other known substrates of DHHC5/8 are proteins closely
associated with the plasma membrane (e.g. somatostatin receptor, phospholemman,
Ankyrin-G, δ-catenin, Flotillin-2; Brigidi, et al., 2014; He, et al., 2014; Howie, et al.,
2014; Kokkola, et al., 2011). For this reason, GP130 is a strong candidate substrate for
palmitoylation by DHHC5/8.
The likelihood that the reduction in GP130 palmitoylation is due to a direct effect
of DHHC5/8 loss would be increased if these PATs can directly palmitoylate GP130. To
address this possibility, ABE assays were performed on HEK293 cells, transfected with
GP130 plus either a control vector, DHHC5 cDNA or DHHC8 cDNA. Co-expression of
DHHC5 (Figure 26A) or DHHC8 (Figure 26B) strongly promoted GP130 palmitoylation
above the level seen with vector control transfections. In contrast, transfection with the
catalytically inactive mutants DHHS5 (Figure 26A) and DHHS8 (Figure 26B) did not
increase GP130 palmitoylation above vector control levels. Together with our sensory
neuron knockdown results, these findings strongly suggest that DHHC5 and DHHC8
directly palmitoylate GP130.

GP130 Surface Expression Reduced Following loss of DHHC5/8 in Sensory Neurons
GP130 is a transmembrane receptor and one major function of palmitoylation is to
target proteins to specific regions of the plasma membrane. Moreover, palmitoylation
was previously
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Figure 26: Overexpression of DHHC5/8 in Heterologous Cells Increases GP130
Palmitoylation and Requires Catalytic Activity. (A) HEK293T cells were transfected
with the indicated DHHC5 or DHHS5 constructs and ABE assays performed. ABE
fractions were blotted to detect palmitoyl-GP130 (upper panels). Lysates were blotted to
detect total GP130 and total DHHC5 expression. ABE analysis reveals that DHHC5
robustly increases palmitoyl-GP130 levels above control conditions, while the
catalytically inactive DHHS5 does not. (B) As in A, except that cells were transfected
with the indicated DHHC8 or DHHCS8 cDNAs. ABE analysis reveals that DHHC8
strongly enhances GP130 palmitoylation above levels of the vector control transfections,
while the DHHS8 catalytic mutant does not.

reported to control surface expression of a different DHHC5 substrate, flotillin (Li et al.,
2012; Morrow et al., 2002). To address whether palmitoylation controls GP130 targeting
to the plasma membrane, we conducted surface biotinylation assays. For these studies,
sensory neurons were infected with control or DHHC5/8sh viruses and then subjected to
biotinylation assays to separate cell surface proteins from cytosolic fractions. We
confirmed that the assay specifically isolates cell surface proteins, because the cytosolic
protein ERK was absent from surface fractions (Figure 27C). GP130 surface expression
was significantly reduced following loss of DHHC5/8 (Figure 27A&F). Interestingly
though, total GP130 levels are also reduced with knockdown of DHHC5/8
78

Figure 27: GP130 Surface Expression is Reduced by DHHC5/8 Knockdown. (A-C)
Sensory cultures infected with the indicated viruses were subjected to surfacebiotinylation. GP130 surface expression was greatly reduced with knockdown of
DHHC5/8 (A), but Neurofascin (B) expression was unchanged. (C) The cytosolic protein
ERK was not detected in surface fractions, confirming the validity of the assay. (D-F)
Quantification of the data in A reveal that the ratio of surface/total GP130 (D), total
GP130 (E), and surface GP130 (F) were all significantly reduced by loss of DHHC5/8.
*:p<0.05, **:p<0.01, t-test, n=3 determinations per condition.
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(Figure 27A&E). However, even taking into account this decreased total expression of
GP130, the ratio of Surface/Total GP130 was still significantly reduced in DHHC5/8
knockdown neurons, compared to controls (Figure 27D). The reduction in GP130 surface
expression was specific, because surface expression of another palmitoylated
transmembrane protein Neurofascin (Figure 27B) was unaffected by DHHC5/8
knockdown. These findings therefore suggest that loss of DHHC5/8 specifically reduces
GP130 surface expression, likely due to the reduced GP130 palmitoylation following
knockdown.

GP130 Dependent Signaling is Reduced with Loss of DHHC5/8 in Sensory Neurons
GP130 expression is required for signaling through the JAK/STAT pathway. Our
previous findings indicate that DHHC5/8 are required to promote GP130 palmitoylation
and surface expression. Therefore, we predicted that loss of these PATs may reduce
signaling through the GP130/JAK/STAT pathway. To test this hypothesis, sensory
neurons were cultured in microfluidic chambers, infected with either control or
DHHC5/8sh viruses and the distal axonal chambers were then stimulated with rat ciliary
neurotrophic factor (CNTF), one of the neuropoietic cytokines that activates
GP130/JAK/STAT3 signaling. We note that although CNTF has more classically been
associated with actions on motor neurons in vivo, several studies have shown that CNTF
treatment of embryonic DRG cultures stimulates STAT3 activation and supports sensory
neuron survival in vitro (Barbin et al., 1984; Nakashima et al., 1999; Skaper et al.,
1986). Moreover, CNTF and the closely related LIF, signal retrogradely in sensory
neurons cultured in compartmented chambers and in sciatic nerve in vivo (Curtis et al.,
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1993; Curtis et al., 1994). These prior studies provide ample support for the use of CNTF
to determine requirements for GP130-dependent retrograde signaling in sensory neurons.
Following stimulation of distal axons with CNTF, neurons were analyzed for
nuclear

STAT3

phosphorylation

through

immunostaining.

CNTF

stimulation

significantly increased STAT3 phosphorylation in nuclei of control infected sensory
neurons (Figure 28A). Remarkably, CNTF-induced STAT3 phosphorylation was
significantly attenuated in DHHC5/8 knockdown neurons (Figure 28A). This effect was
confirmed by quantifying the percentage of pSTAT3 positive nuclei, which was reduced
nearly three-fold following knockdown of DHHC5/8 compared to control infected
neurons (Figure 28B). Taken together, these findings suggest that DHHC5/8 are critical
for GP130-dependent STAT3 activation and retrograde signaling following stimulation
with the neuropoietic cytokine CNTF.
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Figure 28: DHHC5/8 are Critical for STAT3 Activation Following CNTF
Stimulation. (A) Sensory neurons cultured in microfluidic chambers were infected with
the indicated viruses. Distal axonal chambers were treated with or without 10ng/ml rat
CNTF, fixed and immunostained for STAT3 phosphorylation (pSTAT). (B) Quantified
data reveal that axotomy-induced STAT3 phosphorylation is significantly reduced
following loss of DHHC5/8. *:p<0.05, t-test, n=4 determinations per condition.
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Discussion
Experiments in this chapter describe the first comprehensive analysis of
mammalian palmitoyltransferase localization in sensory neurons. We find that several
PATs likely reside on the Golgi apparatus, because they colocalize with the Golgi
marker, GM130. However, two PATs, DHHC5 and DHHC8, are enriched in the axons of
sensory neurons. Their accumulation at the periphery of the neuronal soma suggests that
DHHC5 and DHHC8 reside on the plasma membrane, consistent with their reported
localization in other cell types

(He et al., 2014; Ohno et al., 2006). Somewhat

surprisingly, DHHC5/8 are not required for DLK palmitoylation or for DLK-dependent
retrograde signaling. However, DHHC5/8 do mediate GP130 palmitoylation and surface
expression and are essential for GP130-dependent retrograde signaling induced by the
neuropoietic factor CNTF.
One intriguing question that arises from these findings is why DLK
palmitoylation is not affected by loss of DHHC5 and DHHC8. One explanation for this
finding may be that DLK localizes to vesicles within sensory axons, while our studies
suggest that DHCH5/8 are plasma membrane localized. Thus, differential subcellular
membrane localization may explain why DLK is not a substrate of DHHC5/8. This
hypothesis is further supported by the observation that DHHC5/8 do not appear to be the
major PATs for other soluble axonal proteins (e.g. JAK1, STAT3, SCG10, Gap43; Figure
25B&C and data not shown), but do appear to mediate palmitoylation of the membrane
associated GP130 receptor (Figure 25A). However, if DHHC5/8 do not palmitoylate
DLK, this still leaves the question of where in the neuron DLK is palmitoylated. It is still
possible that DLK is palmitoylated in distal axons, but at sites distinct from the plasma
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membrane. Though our initial screen of DHHC-PATs revealed that only DHHC5/8 were
strongly enriched in sensory axons, a small subset of PATs were nonetheless detectable
in axons, but were not significantly enriched over their somal distribution (i.e. DHHC1,
DHHC2, and DHHC4). Interestingly, DHHC4 contains an ER localization signal,
strongly suggesting that this PAT resides in the ER of sensory neurons. ER membranes
have been detected in distal axons (Ramirez and Couve, 2011), raising the possibility that
this could be a site of axonal palmitoylation for DLK.
An alternative explanation for how DLK may be palmitoylated in sensory neurons
is that DLK is first palmitoylated on the Golgi complex, by resident DHHC-PATs, and
then subsequently trafficked out to axons on Golgi-derived vesicles. The fast trafficking
rates and limited distances required for axonal trafficking of DLK in cultured neurons,
suggest that Golgi-derived palmitoylation could still be sufficient to supply palmitoylDLK to distal axons in vitro. DLK palmitoylation on the Golgi may explain how DLK
can still promote injury-induced retrograde signaling following loss of axonal DHHC5/8.
However, this model of Golgi-derived palmitoyl-DLK is insufficient to account for
trafficking of DLK out to distal axons in vivo, where the distances required for trafficking
are much greater. However, it is possible, that in vivo palmitoylation of DLK is still
catalyzed by Golgi-localized PATs, but that the high thioesterase activity observed in
culture (Figure 16) is markedly reduced in vivo.
A final explanation for the lack of effect of DHHC5/8 knockdown on DLK
palmitoylation is that other PATs may compensate for their absence. Several other PATs
in addition to DHHC5 and DHHC8 can palmitoylate DLK in transfected cells (Gareth
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Thomas, unpublished result). Notably, compensation by related PATs and Golgi-derived
DLK palmitoylation are not mutually exclusive hypotheses.
In contrast to their lack of effect on DLK palmitoylation, DHHC5/8 are critical
for GP130 palmitoylation and surface expression in neurons. DHHC5/8 are also required
for promoting JAK/STAT signaling following stimulation with CNTF. These
experiments reveal a novel role for palmitoylation in the control of signaling via this
extensively studied pathway. However, an important question that remains is whether the
effect of DHHC5/8 knockdown on STAT3 activation is mediated through direct effects
on GP130 palmitoylation. The decreased GP130 palmitoylation and surface expression
seen following loss of DHHC5/8 strongly suggest that this is the case, but a more direct
link between GP130 palmitoylation and STAT3 signaling is necessary before such a
conclusion can be drawn. This hypothesis could be tested by identifying the
palmitoylated residue(s) on GP130 and generating site mutants that are incapable of
being palmitoylated. By employing a knockdown/rescue approach similar to that used for
DLK, one could address whether blocking GP130 palmitoylation phenocopies DHHC5/8
knockdown to prevent GP130 surface expression and retrograde STAT3 signaling. In
contrast, if blocking GP130 palmitoylation does not reduce GP130 surface expression
and/or retrograde STAT3 signaling then this would suggest that other DHHC5/8
substrates mediate the functional effects on phospho-STAT3 retrograde signaling that we
observe.
Interestingly, the effect of DHHC5/8 knockdown on GP130 surface expression
and STAT3 activation is more pronounced than the reduction of GP130 palmitoylation.
One reason for this difference could be that GP130 is first palmitoylated by DHHC-PATs
85

resident on the Golgi-complex and then trafficked out to distal axons. A subsequent
palmitoylation event by DHHC5/8 may then be required to insert GP130 into or stabilize
its interaction with the plasma membrane. Such subsequent palmitoylation by DHHC5/8
could occur at the same residue or a different residue as the Golgi-derived palmitoylation.
Though the ABE assay can effectively determine that GP130 is palmitoylated, it cannot
determine if GP130 is palmitoylated on a single residue or on multiple residues. Again,
generation of palmitoyl-site mutants and analysis of their localization and signaling
ability would help to clarify this issue.
Another novel possibility for the role that palmitoylation may be playing in the
GP130 retrograde signaling pathway is that it may be directly required for retrograde
trafficking of GP130 itself. While it has not been shown that GP130 itself travels
retrogradely back to the cell body, retrograde transport of the GP130 ligands CNTF and
LIF has been well documented (Wang et al., 2009). In addition, GP130 can internalize
onto endosomal vesicles both in the absence and presence of ligand (Thiel et al., 1998).
Retrograde movement of CNTF is thus very likely to occur by co-trafficking with its
corresponding receptor complex. Moreover, in vitro studies revealed that upregulation of
nuclear STAT3 phosphorylation following treatment of distal axonal compartments with
CNTF could be blocked by treatment of somatic compartments with a JAK inhibitor
(Qiu et al., 2005). Studies from an in vivo model of nerve injury also observed that
activated STAT3 appears in the axons of injured sciatic nerves long before the
upregulation of STAT3 phosphorylation is seen in the nuclei of those cells (Lee et al.,
2004). These findings suggest that several components of the GP130 signaling pathway
traffic retrogradely, increasing the likelihood that GP130 itself may also physically traffic
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back to the soma. Our studies have shown that surface expression of GP130 is likely
dependent upon palmitoylation by the plasma membrane associated DHHC5/8.
Therefore, receptor internalization of GP130 onto endosomal vesicles may be a
palmitoylation dependent process. One possibility is that addition of palmitate stabilizes
interaction of GP130 with the plasma membrane, while depalmitoylated GP130 is
trapped intracellularly and/or rapidly removed from the cell surface in uninjured neurons.
Alternatively or in addition, though, palmitoylation of GP130 may be necessary for
CNTF-dependent receptor internalization and subsequent retrograde trafficking following
injury. In this scenario it is also interesting to hypothesize that DHHC5/8 may also be
internalized along with GP130 onto endosomal vesicles for subsequent retrograde
movement.
Finally, the effect of DHHC5/8 knockdown on reducing STAT3 activation
following CNTF stimulation raises the question of whether palmitoylation is also
required for GP130 signaling through other IL-6 cytokine family members in neurons
and/or in other cell types. In addition to STAT3 activation following distal axonal
treatment with CNTF, STAT3 phosphorylation is also detected in sensory neurons
following stimulation with LIF

(Wang et al., 2009). Much like CNTF, retrograde

trafficking of LIF is also increased following sciatic nerve injury (Curtis et al., 1994).
These findings suggest that GP130 signaling through LIF also involves retrograde
transport, and may therefore be subject to regulation by palmitoylation. Several other IL6 cytokine family members can signal through the GP130 receptor, including IL-6,
Oncostatin M (OSM) and cardiotrophin-1 (CT-1) and cardiotrophin-like cytokine (CLC).
In addition to the roles of CNTF and LIF in promoting neuron survival and regeneration,
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this family of cytokines plays important roles in mediating immune responses,
haematopoiesis, liver regeneration, embryonic development and fertility (Heinrich et al.,
1998, 2003). Therefore, an interesting possibility is that palmitoylation regulates many of
these GP130-dependent processes in diverse cell types, a possibility that has broad
implications for our understanding of cellular regulation in both health and disease.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

Retrograde signaling is a critical component of a nerve’s response to injury, but
the molecular mechanisms via which retrograde signals are conveyed has been unclear.
Results presented in this thesis reveal a critical role for palmitoylation in axonal
retrograde signaling via both the DLK/JNK/c-JUN and GP130/JAK/STAT3 pathways,
the best known retrograde signaling pathways. Additional experiments reveal the cellular
and molecular basis for this functional importance. In particular, our findings reinforce
the notion that palmitoylation plays key roles in targeting proteins to specific cellular
locations; palmitoylation is critical for regulating DLK targeting to axonal trafficking
vesicles and for regulating GP130 surface expression on the plasma membrane. However,
we also reveal a novel role for palmitoylation in the control of retrograde signaling
complexes, because the retrograde signaling protein JIP3 specifically interacts with
palmitoyl-DLK. Even more strikingly, our findings demonstrate a novel role for
palmitoylation in regulating enzyme activity, because direct palmitoylation is essential
for DLK to phosphorylate and activate its downstream targets.

Possible Advantages Conferred by Palmitoylation-Dependent Retrograde Signaling
Palmitoylation is thus critical for both DLK/JNK/c-Jun and GP130/JAK/STAT3
retrograde signaling, but why might neurons rely on this mechanism? Further
consideration of the molecular effects of palmitoylation suggests that this modification
may confer several advantages to ensure the specificity and fidelity of retrograde signals.
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First, as highlighted in the discussion for Chapter 3, palmitoylation may function to
physically ‘protect’ signaling-complexes from inactivation or degradation by
sequestering signaling proteins onto vesicles. In addition, palmitoylation may act as a
security feature to restrict enzyme activity to injury responses. In addition to these
proposed roles, though, palmitoylation-dependent targeting of signaling proteins to
retrograde vesicles appears to confer specific advantages that may markedly alter how
signals from different pathways are interpreted by the neuronal soma.
One way in which palmitoylation-dependent vesicular trafficking will alter the
somatic response to injury is by temporally ‘sharpening’ the injury signal. For example,
following a distal injury, activated axonal kinases (i.e. DLK or JAK) convey axon-tonucleus signals. In the case of DLK, which interacts with the retrograde transport protein
JIP3, this likely occurs by physical transport of DLK back to the cell body. If this
transport were to occur by sequential retrograde movement of individual DLK molecules
then this would lead to the consecutive arrival of separate, ‘weak’ injury signals at the
soma (Figure 29). In this case, the transcriptional response would be predicted to be
activated at a low level, over a prolonged period of time. However, the palmitoylationdependent targeting of DLK to vesicles allows for the attachment of several DLK
signaling-complexes onto a single vesicle, which in turn permits the simultaneous
trafficking of multiple DLK signaling complexes and their concurrent arrival at the cell
soma. Simultaneous arrival of multiple complexes to the soma would be predicted to
activate c-Jun transcriptional programs to levels much higher than those that could be
achieved through sequential activation, and with a much more rapid ‘rise time’. Although
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Figure 29: Vesicle-based Trafficking Allows for Temporal Summation of
Retrograde Responses. (A) Schematic representation of sequential retrograde trafficking
of multiple kinases back to the cell body. In this model, a single kinase will traffic back
to the soma attached to a dynein motor protein and arrive at the soma prior to the arrival
of subsequent kinases. For DLK, retrograde trafficking likely occurs via vesicle
movement, while movement of JAK has not yet been shown to be vesicle dependent. (B)
Schematic representation of simultaneous retrograde trafficking of multiple kinases on a
single vesicle back to the cell body. In this model, all kinases arrive at the soma
simultaneously, thereby concurrently activating transcription. (C) Proposed plot of signal
perceived in the cell soma as a function of time after injury for sequential trafficking of
kinases, as in A. Sequential trafficking will result in a slower rise time and an overall
reduced maximal signal perceived. (D) Proposed plot of signal perceived in the cell soma
as a function of time after injury for simultaneous trafficking of kinases, as in B.
Simultaneous trafficking will result in a faster rise time with an increased maximal signal
perceived. Note that in this model the area under the curves in C and D remains the same.
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it is not certain that such concurrent responses will increase the total amount of c-Jundependent transcription, it seems likely that simultaneous trafficking of DLK signalingcomplexes may well be interpreted differently than sequential trafficking.
A second property of palmitoylation-dependent vesicular transport of retrograde
signaling complexes is that it allows for the synchronization of signals from multiple
pathways (Figure 30). Our studies have demonstrated that DLK is targeted to axonal
vesicles by palmitoylation. In addition, we have also shown that both JAK1 and STAT3
are palmitoylated in sensory neurons, and ongoing studies in the Thomas lab suggest that
activated STAT3 (which is likely palmitoylated) is also targeted to axonal vesicles. It is
thus an intriguing possibility that an individual retrograde trafficking vesicle is decorated
with signaling complexes from both the JAK/STAT3 and DLK pathways, which could
therefore co-traffic on the same vesicle back to the nucleus. This hypothesis is supported
by findings from a recent study, which demonstrated that neuronal loss of DLK impairs
retrograde transport of pSTAT3 following peripheral nerve injury (Shin, et al., 2012).
Presence of both DLK and JAK signaling complexes on a single vesicle would allow for
the simultaneous arrival of these signals at the cell soma and hence coincident activation
of both the c-Jun and STAT3 transcriptional programs. Concurrent activation of STAT3
and c-Jun pathways may then synergistically enhance expression of genes targeted by
both pathways or may serve to stabilize expression of genes targeted specifically by the
individual pathways. By synchronizing signals from multiple retrograde pathways,
palmitoylation may thus greatly alter the subsequent transcriptional response (Figure 30).
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Figure 30: Vesicle-based Trafficking Allows for Synchronization of Retrograde
Signals. (A) Schematic representation of sequential trafficking of individual DLK and
JAK containing vesicles. In this model, the DLK vesicle will traffic along the soma
attached to dynein motor proteins and arrive at the soma prior to the JAK vesicle. (B)
Schematic representation of simultaneous trafficking of a single vesicle containing both
DLK and JAK. In this model, DLK and JAK arrive at the cell soma simultaneously. (C)
Proposed plot of signals perceived in the cell soma as a function of time after injury for
sequential trafficking of individual DLK and JAK containing vesicles, as in A. DLK’s
signal (solid blue line) arrives in the soma prior to JAK’s signal (dotted blue line). (D)
Proposed plot of signals perceived in the cell soma as a function of time after injury for
trafficking of a single vesicle containing both DLK and JAK, as in B. Both the DLK
signal (solid blue line) and the JAK signal (dotted blue line) will arrive in the soma
simultaneously.
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It is also interesting to hypothesize that the presence of different signaling
complexes on a vesicle may account for the very disparate responses to injury observed
in different cell types. For example, expression of both GP130 and STAT3 is much
lower in central nervous system (CNS) neurons (Smith, et al. 2011), in which activation
of DLK-dependent retrograde signaling leads to a degenerative response (Pozniak, et al.,
2013; Watkins, et al., 2013). Therefore, an appealing theory is that concomitant signaling
of STAT3 and c-Jun can lead to a regenerative response in the PNS, but in the CNS
where STAT3 levels are significantly reduced, the c-Jun signal alone will promote
degeneration.
If palmitoylation indeed confers these advantages to the control of retrograde
injury responses then one might predict that this modification could be even more
broadly employed by neurons to control retrograde transport and signaling. In support of
this notion, it is intriguing that several other key proteins involved in retrograde signaling
have been reported to be palmitoylated in proteomic studies. In particular, multiple
members of the importin family of proteins, which play key roles in injury responses, are
likely palmitoylated (Chesarino et al, 2014; Martin et al., 2009). Even more strikingly,
the dynein and dynactin proteins, which are the only retrograde molecular motors, have
also been identified in palmitoyl-proteomic studies from multiple cell types (Chesarino et
al., 2014; Kang et al,. 2008). These reports raise the possibility that palmitoylation is not
only important in regulating retrograde transport in response to injury, but may also more
generally control basal movement of axonal cargoes. For example, autophagosomes are
vesicular cargoes that move retrogradely along the axon and retrograde movement of
mitochondria has also been reported to be dynein-dependent (Hollenbeck, 1993;
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Katsumata et al., 2010; Saxton and Hollenbeck, 2012). It would thus be of considerable
interest to determine if palmitoylation broadly regulates the retrograde trafficking of
axonal organelles, or if its regulation is restricted to proteins involved in retrograde injury
signaling.

Broader Roles for Palmitoylation in Axonal Biology
In addition to revealing the palmitoylation-dependence of two retrograde
signaling pathways, our studies also identified two axonally enriched DHHC-PATs,
DHHC5 and DHHC8, that control this process. DHHC5 and DHHC8 play key roles in
regulating GP130 palmitoylation and surface expression, and are also required for GP130
dependent retrograde signaling following CNTF stimulation of distal axons. Thus far, we
have only identified GP130 as a DHHC5/8 substrate, but several other axonal proteins are
also known to be palmitoylated. Our findings and those of others suggest that DHHC5
and DHHC8 are likely plasma membrane localized PATs that preferentially palmitoylate
membrane-associated substrates. Strikingly, several axonal transmembrane proteins of
this type, including key regulators of axon growth and guidance, are likely palmitoylated
(Table 1). Our ability to address whether these proteins are bona fide DHHC5/8
substrates is greatly facilitated by the fact that samples generated from our ABE and
surface assay analyses can be easily probed to detect changes in palmitoylation or surface
expression of any protein of interest. Therefore, rapid progress can be made to determine
whether any or all of the proteins in Table 1 are DHHC5/8 substrates, and to determine
the functional role of their palmitoylation in axons.
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Gene Name
Description/Alias
Attractin
Atrn

Function
TMDs Reference
1 TMD Kang et al.,
Transmembrane receptor
involved in CNS
2008
development and neurite
extension
Deleted in Colorectal Axon guidance receptor,
1 TMD Herincs
DCC
Carcinoma
mediates midline crossing
et al., 2005
through interaction with
netrin-1
Ephrin Receptor A3 Receptor tyrosine kinases 1 TMD Kang et al.,
Epha3
each
Ephrin Receptor A5 that bind to ephrin ligands
2008
Epha5
Ephrin Receptor B2
and mediate axon
Ephb2
attraction and/or repulsion
Ephrin-B3
Ligand of ephrin
1 TMD Kang et al.,
Efnb3
receptors, acts to mediate
2008
axon attraction and/or
repulsion
Neogenin 1
A putative netrin-1
1 TMD Kang et al.,
Neo1
receptor, important for
2008
axon guidance
Neuropilin 1
Receptor for class-3
1 TMD Chesarino
Nrp1
semaphorins which act as
et al.,
repulsive axon guidance
2014; Kang
cues
et al., 2008
Protocadherin 1
Cadherin-related proteins, 1 TMD Kang et al.,
Pcdh1
Protocadherin 7
involved in cell-cell
each
2008
Pcdh7
Protocadherin 8
adhesion and axon
Pcdh8
guidance
1 TMD Kang et al.,
Plexin B2
Co-receptor for
Plxnb2
neuropilins to mediate
2008
axon guidance in response
to semaphorins
1 TMD Chesarino
Semaphorin 4D
Induces growth cone
Sema4d
collapse and negatively
et al.,
regulates axonal
2014; Kang
regeneration
et al., 2008
Table 1: Axonal Proteins Identified as Palmitoylated. This list is not exhaustive, but
highlights a number of likely palmitoylated axonal proteins identified in proteomic studies.
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A Key Outstanding Question: How is Axonal Palmitoylation Dynamically Regulated?
This study clearly demonstrates the functional importance of axonal
palmitoylation, but an interesting question that remains is whether this modification is
constitutive or is regulated. Our studies have shown DHHC5/8 palmitoylate GP130 and
control its surface expression, but does this mechanism occur constitutively or is GP130
palmitoylation altered in response to dynamic cues (such as the physical disruption
caused by injury or the concomitant action of injury-released ligands such as CNTF)? It
is interesting to propose that DHHC5/8-dependent palmitoylation levels of GP130 and/or
other axonal proteins may change in response to nerve injury or exposure to ligand (e.g.,
CNTF) in order to facilitate retrograde signaling responses.
Prior studies and bioinformatic databases reveal several ways in which DHHC5/8dependent palmitoylation may be dynamically regulated. For example, a recent study
demonstrated that DHHC5 can be rapidly degraded by ubiquitination mediated pathways
in response to growth factor withdrawal from neural stem cells (Li, et al., 2012). In
addition, both DHHC5 and DHHC8 are phosphorylated at multiple sites that may
influence their subcellular localization and/or binding to specific substrates (Trinidad, et
al., 2007; Munton et al., 2007). In particular, phosphorylation by the tyrosine kinase Fyn
has been recently reported to rapidly relocalize DHHC5 from intracellular vesicles to the
plasma membrane (Brigidi, et al., 2014). It will be of great interest to determine whether
any or all of these mechanisms are used in axons to facilitate dynamic palmitoylation of
GP130 and/or other axonal substrates by DHHC5/8.
Another outstanding issue is which DHHC5/8 substrate(s) account for the
neurological deficits observed in mouse knockout models of these PATs. In particular,
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DHHC5 knockout mice display impaired hippocampal-dependent fear conditioning while
DHHC8 knockout mice have a deficiency in behavioral tasks used to model symptoms of
Schizophrenia (e.g. pre-pulse inhibition and exploratory behavior) (Li et al., 2010; Mukai
et al., 2004). It is currently unclear whether these phenotypes are due to impaired
neuronal development, inappropriate function of mature neuronal circuits, or other
impairments. Interestingly, a very recent study suggested that one key DHHC8 substrate
in this regard may be the small G protein cdc42, but the key DHHC5 substate(s) remain
unclear (Mukai et al., 2015). Even less is known regarding which DHHC9 and/or
DHHC15 substrate(s) account for the X-linked Intellectual Disability (XLID) reported in
patients with mutations of these PATs (Mansouri et al., 2005; Raymond et al., 2007).
Research into this area is hindered by the current lack of appropriate mouse models e.g.
ZDHHC9 and/or ZDHH15 knockout mice. However, if such knockouts become available
then palmitoyl proteomic approaches may allow identification of key substrates for these
PATs. Moreover, if key substrates are indeed identified for each of the disease-associated
PATs detailed above, then therapies could be developed to augment or inhibit their
palmitoylation in order to treat the respective disease conditions.
Finally, there is still much to be learned about the family of enzymes which
catalyze the removal of palmitate, the thioesterases. The thioesterase family was initially
thought to only contain the palmitoyl-protein thioesterases (PPT1 and PPT2) and the
acyl-protein thioesterases (APT1 and APT2). Recent studies though, propose that
mammalian alpha beta hydrolases (ABHD proteins; Lord et al., 2013) may also act as
thioesterases to remove palmitate, suggesting that like palmitate addition, palmitate
removal may also be regulated by a considerable number of different enzymes. However,
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very little is known regarding the subcellular localization of specific thioesterases and/or
their specific substrate specificities. The cycle of palmitoylation/depalmitoylation is
highly reminiscent of phosphorylation-dependent regulation by kinases and phosphatases.
The classical view of phospho-dependent regulation is that kinases act on a limited
number of substrates and are tightly regulated by extracellular signals, while
phosphatases have broader substrate specificity and are less tightly regulated. It remains
to be discovered whether PATs and thioesterases are differentially controlled in this way.
One point related to this issue that arises from the work presented here is that models of
palmitoylation-dependent retrograde signaling strongly suggest that PAT activity must
dominate thioesterase activity in axons, in order to ensure the fidelity of retrograde
signals. In contrast, though, thioesterase activity may need to dominate PAT activity in
the cell soma, in order to disassemble the retrograde complexes and drive subsequent
transcription (e.g. to allow JNK3 to phosphorylate c-Jun and to allow STAT3 to enter the
nucleus). This model suggests that thioesterase localization and/or activity may need to
be more tightly regulated than initially thought. This in turn raises the question as to
whether thioesterases are regulated simply by control of protein localization, or by more
direct control of their enzymatic activity in response to cellular signals.
In conclusion, we show that palmitoylation is critical for axonal retrograde
signaling via both the DLK/JNK/c-Jun and GP130/JAK/STAT3 pathways. These
findings provide new insights into the coordination and control of axonal injury responses
and reveal new potential targets for therapy to improve nerve regeneration. In addition,
these studies provide a strong platform for future investigations to determine the broader
roles of palmitoylation in axonal regulation in health and disease.
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