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ABSTRACT
Huntington disease (HD) is caused by a CAG expansion in HTT characterized by
motor, cognitive, and psychiatric disturbances. Huntingtin Interacting Protein 14
(HIP14) and HIP14-like (HIP14L) are palmitoyl acyltransferases (PATs) that
mediate the post-translational addition of fatty acids to proteins (palmitoylation).
They palmitoylate HTT and have reduced interaction with and palmitoylation of
mutant HTT (mHTT), leading to increased mHTT inclusion formation and toxicity.
HTT is essential for full enzymatic activity of HIP14 and loss of either of these
genes leads to HD-like phenotypes. The goal was to determine the role of
palmitoylation in the pathogenesis of HD. The overall hypothesis is that disturbed
HIP14- and HIP14L-HTT interaction in HD reduces PAT function leading to the
under-palmitoylation and mislocalization of HTT and key HIP14 and HIP14L
substrates. Multiple putative PAT binding sites in HTT were identified, one
around aa224 and one around aa427, that are required for full interaction but
aa1-548 are required for the structural integrity of the binding sites. Loss of both
Hip14 and Hip14l leads to embryonic lethality between day 10 and 11 in utero,
due to failed placenta formation. Intriguingly, the extraembryonic tissue of Hip14-/;Hip14l-/- embryos share many features with that of Htt-/- embryos and
palmitoylation of HTT was decreased by 25% in Hip14-/-;Hip14l-/- mouse
embryonic fibroblasts. Palmitoylation of mHTT, SNAP25, and PSD-95 was
decreased in the YAC128, BACHD, and Hu97/18 mouse models of HD. The HDlike phenotype of the Hip14-/- mice is developmental and non-progressive, unlike
the adult-onset, progressive phenotype of the YAC128 mice. Mice in which Hip14
deficiency is induced in adulthood show reduced survival, motor deficits,
anhedonia, increased escape response, increased forebrain weight and cortical
volume, and decreased corpus callosum volume. This indicates that loss of
Hip14 from conception allows for developmental compensation that cannot occur
if Hip14 deficiency occurs in the adult.
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The BACHD and Hu97/18 analysis from Chapter 4 will be published as one
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currently titled “Delineation of novel pre-clinical endpoints in humanized Hu97/18
HD model mice” (Southwell et al). Although this manuscript includes a much
broader set of data and thus will not be published with me as lead author, I
designed all of the experiments, performed all of the palmitoylation assays, and
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Chapter 5
Chapter 5 is in preparation to be submitted. (Sanders, S.S., Parsons, M.P.,
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experiments, Amber L Southwell advised on the design of the behavior
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1 INTRODUCTION1
1.1

PROTEIN PALMITOYLATION: GENERAL OVERVIEW

The past decade has seen great advances toward our understanding of the posttranslational modification (PTM), palmitoylation, and the enzymes that regulate
this process. Palmitoylation is the most common protein lipid modification in the
brain and, much like phosphorylation, palmitoylation is reversible (Fukata and
Fukata, 2010). As such, palmitoylation serves as a means of dynamic regulation
of neuronal substrates, often acting as a “switch” in regulating the state of the
protein. This is critical not only for the neuronal proteins that control firing at the
synapse, but also for proteins critical in neurodevelopmental processes and in
neuronal survival. Thus, aberrant palmitoylation may result in misregulation of
neuronal proteins and neuropsychiatric disease.
1.1.1 A primer on protein palmitoylation
The term palmitoylation is generally used to describe the post-translational
addition of the 16-carbon fatty acid, palmitate, to a cysteine residue via a
thioester bond by the family of enzymes called DHHC (Aspartic acid-HistidineHistidine-Cysteine)-domain containing palmitoyl acyltransferases (PATs; Figure
1.1) (Greaves and Chamberlain, 2011; Linder and Deschenes, 2007). Sacylation, a broader term, refers to the attachment of fatty acids to cysteine
residues. This term includes palmitoylation but may also refer to the addition of
both saturated and unsaturated fatty acids of various lengths, including myristic,
arachidonic, oleic, and stearic acids. Because the addition of the fatty acid
palmitate is most common, S-acylation is often referred to as palmitoylation
(Hallak et al., 1994; Smotrys and Linder, 2004). Less commonly, acylation may
occur at an N-terminal cysteine or glycine (N-acylation) and is linked via an
amide, as opposed to a thioester, bond. When involving the addition of the fatty
1

Portions of this chapter have been published in Progress in Neurobiology.
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acid palmitate to an N-terminal cysteine, this latter process is known as Npalmitoylation and occurs on secreted palmitoyl-proteins (Figure 1.1) (Nadolski
and Linder, 2007). A small subset of PATs, the membrane-bound-Oacyltransferase (MBOAT) family, catalyzes the acylation of secreted proteins and
peptide substrates (Chang and Magee, 2009). Here the term PAT refers to a
member of the DHHC domain containing PAT family. While commonly referred to
as DHHC PATs, the official gene names are denoted “ZDHHC” (e.g. ZDHHC17).

Figure 1.1: Biochemistry of palmitoylation. A) The process of Spalmitoylation. Palmitic acid is added to proteins at cysteine residues via a
thioester bond by palmitoyl acyltransferases (PATs) using palmitoyl-CoA as the
lipid substrate. B) The process of N-palmitoylation. Palmitic acid is added to Nterminal cysteines via an amide bond by some members of the MBOAT family
using palmitoyl-CoA as the lipid substrate.
Other common lipid modifications of proteins include protein prenylation,
wherein a farnesyl or geranyl-geranyl moiety is added post-translationally to a Cterminal cysteine via a stable thioether bond (Resh, 2006; Smotrys and Linder,
2004; Zhang and Casey, 1996), and myristoylation, which involves the co- or
post-translational addition of myristic acid to a glycine residue via a stable amide
2

bond (Johnson et al., 1994; Martin et al., 2011). Notably, the relatively rare
process of N-palmitoylation, by the nature of its different chemistry, is not
reversible and is not involved in dynamic regulation of proteins. Similarly,
prenylation and myristoylation are not reversible protein modifications. Here, the
term “palmitoylation” refers specifically to the addition of palmitate to a cysteine
residue via a thioester bond.
1.1.2 Functional consequences of palmitoylation
A diverse array of protein substrates are now known to undergo palmitoylation,
including signaling proteins, ion channel components, scaffold proteins,
membrane-associated proteins involved in vesicle trafficking, mitochondrial
proteins and viral proteins (Charollais and Van Der Goot, 2009; Corvi et al.,
2001; Fukata and Fukata, 2010; Kostiuk et al., 2008; Mitchell et al., 2006; Veit
and Schmidt, 2006). As a consequence, palmitoylation plays a key role in many
cellular processes, including tethering signaling proteins to membranes, protein
trafficking, protein stability, protein-protein interactions, membrane association,
and segregation of substrates to particular protein subdomains (Fukata and
Fukata, 2010; Linder and Deschenes, 2007; Salaun et al., 2010).
Palmitoylation increases the hydrophobicity of a protein. Stable membrane
association of cytoplasmic proteins is achieved by dual lipid modification; either
via dual palmitoylation or palmitoylation with prenylation or myristoylation (ElHusseini et al., 2000a; Fukata and Fukata, 2010; Shahinian and Silvius, 1995).
Often palmitoylation of membrane-associated proteins leads to their segregation
into lipid rafts (membrane domains rich in cholesterol and sphingolipids) placing
the substrate in proximity with other raft proteins and allowing cell signaling
events to occur (Brown, 2006; Levental et al., 2010). Disturbances in lipid raft
organization are implicated in some neurological diseases, such as Alzheimer
disease (AD), Parkinson disease, and Huntington disease (HD) (Jacobowitz and
Kallarakal, 2004; Molander-Melin et al., 2005; Valencia et al., 2010).
Palmitoylation of integral membrane proteins may alter the hydrophobicity of a
particular domain or induce a tilt of a transmembrane domain (TMD) within the
3

membrane bilayer, resulting in a conformational change and potentially enabling
or inhibiting particular protein-protein interactions or function (Charollais and Van
Der Goot, 2009).
A critical role for palmitoylation in the central nervous system, particularly
its role in synaptic plasticity, has become evident over the last decade (ElHusseini and Bredt, 2002; Fukata and Fukata, 2010; Huang and El-Husseini,
2005). Palmitoylation reversibly regulates the assembly and
compartmentalization of many neuronal proteins at specific subcellular domains,
such as the presynaptic terminal and postsynaptic sites (El-Husseini and Bredt,
2002; Fukata and Fukata, 2010; Huang and El-Husseini, 2005; Prescott et al.,
2009). For example, palmitoylation regulates the postsynaptic targeting of
postsynaptic density-95 (PSD-95), a molecule involved in excitatory synapse
development and plasticity (Craven et al., 1999; Ehrlich and Malinow, 2004; ElHusseini et al., 2000a; Kim and Sheng, 2004). At presynaptic nerve terminals,
palmitoylation modulates trafficking and assembly of proteins that regulate
neurotransmitter release, such as the GABA synthesizing enzyme, glutamate
decarboxylase (GAD65) where loss of palmitoylation abolishes presynaptic
clustering and dendritic exclusion, and synaptotagmin 1 (SYT1) (Kanaani et al.,
2004; 2002; Kang, 2004). Palmitoylation also plays an important role in neuronal
developmental processes, such as neurite outgrowth, axon pathfinding, filopodia
formation, and spine development (Arstikaitis et al., 2008; Gauthier-Campbell et
al., 2004; Kato et al., 2000; Kutzleb et al., 1998; Laux et al., 2000; Ueno, 2000).
For example, palmitoylation of c-Jun N-terminal kinase 3 (JNK3) regulates axonal
branching in response to Wnt signals. Wnt signaling decreases palmitoylation of
JNK3, which increases axonal branching (Yang et al., 2012). Palmitoylation
regulates signal transduction in neurons by modulating adhesion molecules,
neurotransmitter receptors and ion channels implicated in establishing neuronal
connectivity, excitability and synaptic plasticity (Fukata and Fukata, 2010; Huang
and El-Husseini, 2005). Alterations in neuronal excitability and plasticity underlie
many neuropsychiatric disorders (Citri and Malenka, 2008; Humeau et al., 2009;
Kreitzer and Malenka, 2008; Lee and Silva, 2009).
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1.1.3 Dynamic palmitoylation regulates neuronal activity
The reversibility of protein palmitoylation is afforded by the labile nature of the
thioester bond (Conibear and Davis, 2010). This unique aspect of palmitoylation
is a mechanism by which dynamic control of protein localization and function
occurs in the central nervous system and elsewhere. Indeed, many proteins
undergo dynamic cycles of palmitoylation and depalmitoylation, with important
functional implications (Conibear and Davis, 2010; El-Husseini et al., 2002;
Fehrenbacher et al., 2009; Rocks, 2005; Rocks et al., 2010).
A well-studied example of this dynamic cycling and its critical importance
for synaptic plasticity is observed with PSD-95, a scaffold protein for α–amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and N-methylD-aspartate receptors (NMDARs) at the postsynapse (Ehrlich and Malinow,
2004; El-Husseini et al., 2000b; El-Husseini and Bredt, 2002). Palmitoylation of
PSD-95 is required for its membrane scaffolding function (Craven et al., 1999; ElHusseini et al., 2000a). The dual palmitoylation of PSD-95 at Cys3 and Cys5
undergoes constitutive cycling, which is enhanced by synaptic activity (ElHusseini et al., 2000a; 2002). This reduces the amount of PSD-95 at the
postsynapse and consequently reduces synaptic strength, which in turn may
influence learning and memory (El-Husseini and Bredt, 2002; El-Husseini et al.,
2002). Conversely, blocking synaptic activity increases PSD-95 palmitoylation
and localization to the postsynaptic membrane (Noritake et al., 2009).
Recently the Fukata lab published on a single-chain variable fragment
PSD-95 antibody that is specific to palmitoylated PSD-95. The antibody was
found to recognize the specific conformation of palmitoylated PSD-95 and when
expressed as an intrabody, it dissociated following depalmitoylation. It was found
to exclusively label postsynaptic PSD-95 clusters indicating that palmitoylated
PSD-95 is localized almost exclusively to the postsynaptic density (PSD) of
excitatory synapses (Fukata et al., 2013). Using stimulated emission depletion
super-resolution microscopy they showed that the PSD is in fact made up of
several (up to four) subsynaptic clusters of palmitoylated PSD-95 facing a single
5

presynaptic terminal that they coined “subsynaptic nanodomains.” As there was a
positive correlation between the number of nanodoamins and PSD size, it may
be that the PSD is composed of a set of palmitoylated PSD-95-enriched
subdomains. Indeed, AMPAR clusters were also associated with the
palmitoylated PSD-95 nanodomains and these nanodomains were dynamically
remodeled by synaptic-activity. The formation and dynamic nature of these
palmitoylated PSD-95 nanodomains was dependent on the presence of ZDHHC2
in the PSD plasma membrane (PM) (Fukata et al., 2013).
Another good example of regulation of neuronal activity through dynamic
palmitoylation involves the scaffold protein AKAP79/150 (human 70/rodent 150)
(Delint-Ramirez et al., 2011; Keith et al., 2012). This protein targets protein
kinase A (PKA), protein kinase C (PKC), and calcineurin to the PSD to regulate
AMPAR activity and trafficking (Sanderson and Dell'Acqua, 2011). AKAP79 is
palmitoylated at Cys36 and Cys129 and palmitoylation at these sites promotes
association with lipid rafts but is not absolutely required for PM and spine
targeting (Delint-Ramirez et al., 2011; Keith et al., 2012). Chemically induced
LTD using a NMDAR agonist (cLTD) led to rapid depalmitoylation of AKAP150
and removal from dendritic spines. In contrast chemical stimulation to induce
NMDAR-dependent LTP (cLTP) increased palmitoylation of AKAP150 and lead
to its recruitment to spines and spine enlargement by Rab11-dependent
endosomal trafficking (Keith et al., 2012). Expression of palmitoylation resistant
AKAP79 led to increased basal spine size but no additional spine enlargement or
recruitment of AKAP79 to spines was observed following cLTP (Keith et al.,
2012). Interestingly, expression of palmitoylation resistant AKAP79 increased
basal amplitude and frequency of miniature EPSCs (mEPSC) and increased the
synaptic expression of the AMPAR subunit GLUA1, but not GLUA2 (Keith et al.,
2012). However, following cLTP expression of palmitoylation resistant AKAP79
lead to a dramatic decrease in mEPSC frequency and in GLUA1 synaptic puncta
(Keith et al., 2012). Overall it appears that palmitoylated AKAP79/150 acts as a
negative regulator of endosomal recycling and GLUA1 synaptic incorporation that

6

is removed by cLTP and C36,129S is unable to act in this way and cannot
respond to stimulation (Keith et al., 2012).
The dynamic “on/off” nature of protein palmitoylation leads to its frequent
comparison to another dynamic PTM, phosphorylation, in which kinase and
phosphatase enzymes regulate the addition and removal of phosphate groups
from proteins with effects on nearly all aspects of cell signaling. In the less well
characterized PTM, palmitoylation, the opposing actions of enzymes that add
and remove palmitate can rapidly modulate membrane targeting of substrates in
response to extracellular cues. The enzymes that catalyze these reactions are
further described in section 1.3.
1.1.4 Interplay between palmitoylation and post-translational and
transcriptional modifications
Palmitoylation at different sites in the same substrate can differentially regulate
protein function as has been described for two ionotropic glutamate receptors
(Hayashi et al., 2005; 2009). AMPAR subunits are palmitoylated on two domains:
the second TMD and in the C-terminal region. Palmitoylation in the second TMD
leads to Golgi accumulation and reduced forward trafficking, resulting in reduced
expression at the PM. C-terminal palmitoylation reduces AMPAR interaction with
the 4.1N scaffold protein and promotes AMPAR internalization from the PM
(Hayashi et al., 2005). Palmitoylation of GRIP1b has also been shown to play a
role in activity-dependent AMPAR recycling (Thomas et al., 2012). NMDAR
subunits, which play a critical role in synaptic plasticity and excitotoxicity in
disease processes (Fan and Raymond, 2007), display two distinct C-terminal
clusters of palmitoylation (Hayashi et al., 2009). Palmitoylation in the first cluster
enhances Src-kinase-mediated tyrosine phosphorylation, leading to increased
stability of surface NMDAR expression and synaptic localization (Hayashi et al.,
2009; Mattison et al., 2012). In contrast, palmitoylation of the second cluster
reduces NMDAR surface expression and increases localization to the Golgi
(Hayashi et al., 2009). Given these examples, it is likely that differential
palmitoylation-mediated regulation occurs for other substrates.
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Alternative splicing can also regulate protein palmitoylation status and
function. For example, Cdc42, a small Rho GTPase that directs neuronal
morphogenesis, is normally prenylated. Brain-specific alternative splicing serves
as a “switch” to yield a variant that becomes instead palmitoylated. While both
isoforms are expressed in developing neurons, the palmitoylated isoform is
required for the extension of dendritic filopodia, which later develop into dendritic
spines (Kang et al., 2008).
There is mounting evidence that protein palmitoylation is also influenced
by other PTMs. Many instances of co-regulation by palmitoylation and
phosphorylation exist (Charych et al., 2010; Dorfleutner, 2003; Hawtin et al.,
2001; Ponimaskin, 2005; Soskic et al., 1999). PKA phosphorylation of the Cterminal tail of stress regulated exon splice variant of the calcium- and voltageactivated potassium (STREX BK) channels mediates inhibition of the channel
(Tian, 2001; Tian et al., 2004). Palmitoylation of cysteines adjacent to the PKA
site regulates PM binding of the C-terminal tail (Tian et al., 2008) and is
dependent on an upstream polybasic domain (Jeffries et al., 2012). This
palmitoylation-dependent PM association is disturbed upon PKA activation
resulting in inhibition of the channel due to phosphorylation-induced dissociation
of the palmitate groups. This was not observed when the palmitoylated cysteines
were mutated to alanine or pre-treated with 2-bromopalmitate (an inhibitor of
DHHC-mediated palmitoylation), suggesting that palmitoylation is required for the
phospho-inhibition of the channel (Jennings et al., 2009; Tian et al., 2008).
Indeed, PKA phosphorylation occurs within the polybasic domain and acts as an
electrostatic switch that controls palmitoylation and PM binding of the C-terminal
tail (Jeffries et al., 2012) This is in contrast to the interaction of phosphorylation
and palmitoylation on the striatally-enriched, membrane bound
phosphodiesterase 10A isoform 2 (PDE10A2) (Kotera et al., 2004; Xie et al.,
2006). Palmitoylation of Cys11, likely by ZDHHC7 and 19, mediates PM
localization. Phosphorylation at Thr16 prevents palmitoylation leading to cytosolic
localization of PDE10A but, if palmitoylated, phosphorylation does not lead to
loss of membrane association. These findings are of particular interest to the
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neuropsychiatric disorder, schizophrenia, where excessive dopamine release in
the striatum may lead to mislocalization of PDE10A2 in the striatum and, in turn,
dysregulated PDE10A function (Charych et al., 2010).
Protein nitrosylation can also influence palmitoylation. Nitric oxide (NO)
synthase enzymes (NOS) can generate NO from L-arginine, which can directly
modify cysteine residues via S-nitrosylation (Stamler et al., 1992). Nitrosylation
may alter palmitoylation either via competition for target cysteines or by direct
displacement of palmitoyl moieties on palmitoylated cysteines (Baker, 2000).
This was recently shown to be the case for the well-studied postsynaptic
scaffolding protein, PSD-95. The sites of PSD-95 palmitoylation, Cys3 and Cys5,
were shown to also undergo nitrosylation in a competitive manner. Endogenous
NO inhibited PSD-95 palmitoylation resulting in decreased PSD-95 at the
synapse. Conversely, a decrease in palmitoylation of PSD-95 in Zdhhc8
knockout mice or in cells treated with 2-Bromopalmitate resulted in increased
PSD-95 nitrosylation. Palmitoylation of PSD-95 results in its localization at the
synapse where it coordinates NMDAR stimulation with production of NO by the
neuronal NOS, therefore, the authors propose a model by which NO regulates
PSD-95 localization by competition with palmitoylation at cysteine residues (Ho
et al., 2011).
Palmitoylation of proteins has been reported to influence their
ubiquitination status and hence their stability. Palmitoylation of the SNARE
(soluble NSF attachment protein receptor) protein, Tlg1, by the yeast PAT Swf1
protects it from ubiquitination and subsequent degradation by the proteasome
(Valdez Taubas and Pelham, 2005). Similarly, palmitoylation of the oncoprotein
TBC1D3 also protects it from ubiquitination and degradation (Kong et al., 2013a).
1.2

METHODS TO DETECT PALMITOYLATION

1.2.1 Bioorthoginal labeling
Historically, levels of palmitoylation were assessed in cellulo and in vitro using
radioactive palmitate either 3H-palmitate or 125I-iodopalmitate (Resh, 2006).
These methods required expensive reagents and long exposure times, often up
9

to months, to detect palmitoylation. Recent advances including the advent of
Click chemistry has led to new methods that are much cheaper and more
sensitive and allow for easier proteomics style studies (Rostovtsev et al., 2002).
Click chemistry palmitoylation assays involve the metabolic labeling of cells with
the alkyne or azido long chain fatty acid analogues (Table 1.1) followed by the
Cu(I)-catalyzed azide-alkyne cycloaddition (click) reaction with an alkyne or azido
biotin, florescent, or other chemical tag (Martin and Cravatt, 2009; Yap et al.,
2010). Palmitoylated proteins can then be detected by western blot, pulled down
for mass spectrometry (MS) analysis, or imaged in cells (Charron et al., 2009;
Gao and Hannoush, 2013; 2014; Martin and Cravatt, 2009; Yap et al., 2010).
Those proteins that are palmitoylated during the metabolic labeling
incubation, i.e. those that are newly synthesized or that are undergoing dynamic
cycling of palmitoylation, are labeled and detected with the click reaction.
However, these assays cannot detect the total pool of palmitoylated proteins.
This means that if a protein is not dynamically palmitoylated it may not label well
using these methods. Increasing the labeling time will help to circumvent this
issue but treating too long can also lead to β-oxidation of the fatty acid to shorter
chain fatty acids and detection of myristoylation instead of palmitoylation (Yap et
al., 2010). The fatty acid analogue used may also play a role in the ability to
detect palmitoylation of a given protein. Traditionally 17-ODYA is used most
commonly but as this is actually a stearate analogue it may not label those
proteins that are preferentially palmitoylated with palmitate. Conversely, some
proteins are preferentially palmitoylated with stearate, not palmitate (Wilson et
al., 2011).
Table 1.1: Types of bioorthogonal labels used.

Bioorthogonal
label
az-12
13-TDYA
15-HDYA
az-15
17-ODYA

Synonyms
12-azidododecanoic acid
13-tetradecynoic acid, alk-12
15-hexadecynoic acid, alk-14
15-azidopentadecanoic acid
17-octadecynoic acid, alk-16

Type of analog
Myristate
Myristate
Palmitate
Stearate
Stearate
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1.2.2 Acyl-biotin exchange assay
A significance advance in the field of palmitoylation came with the invention of
the acyl-biotin exchange (ABE) assay (Drisdel and Green, 2004; Wan et al.,
2007). The big advantage of this assay is that it does not require live cells and as
such can be used to assess palmitoylation levels in tissue samples. Another
major advantage of the ABE assay is that it allows for the detection of the total
palmitoylated pool. A protein sample is treated with N-ethylmaleimide (NEM) to
block free cysteine residues, then with hydroxylamine (HAM) to cleave the
thioester bond between cysteine and palmitate and remove the palmitate. Then
the newly free cysteines are labeled with biotin to allow pull down or detection on
western blot following immunoprecipitation of individual proteins (Drisdel and
Green, 2004; Wan et al., 2007). This assay may lead to false positives in the two
following ways: (1) it cannot differentiate between palmitoylation and other
thioester modifications of cysteines, such as nitrosylation, and (2) HAM can
reduce disuphide bonds between cysteines, which can then subsequently be
labeled. To definitively show that a protein is palmitoylated this assay should be
used in conjunction with one of the bioorthoginal labeling methods. However, it
still remains the only method that allows detection of palmitoylation in tissue
samples or of proteins that are stably palmitoylated and cannot be detected using
bioorthoginal methods.
A variation on the ABE assay is the acyl-resin assisted capture assay.
Free cysteines are also blocked with NEM and then during the HAM treatment
thiol-reactive beads are added to capture the newly free cysteines allowing pull
down of the total palmitoylated pool of proteins. Palmitoylated proteins can then
be detected by MS or by western blot of individual proteins (Forrester et al.,
2011). The original published protocol used S-methylmethanethiosulfonate
instead of NEM to block free cysteines but this may lead to false positives as it
forms a disulphide bond with the cysteine which may be subject to reduction by
HAM and subsequent capture by the thiol-reactive beads.
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1.2.3 Proteomics approaches
To date there have been 15 published palmitoyl proteome studies using one of
the above described methods (Table 1.2). When all of the data from 14 of these
studies is curated into a list of individual, non-redundant genes the resulting
compendium of palmitoyl proteins reveals that there are 1840 putative palmitoyl
proteins in the proteome (Sanders and Martin et al. In preparation for MCP). This
list will be an important tool for the field, allowing people to easily check if their
protein may be palmitoylated and then to follow up with low throughput methods
to be sure.

12

Table 1.2: Published mammalian palmitoylproteomes.
Organism Cell or Tissue Type
Human
HUVEC endothelial cells
B lymphocytes
endothelial cell line EA.hy926
resting platelets
HEK293 cells
Jurkat T cells

Cell Fraction

Detection Method

Reference

total cell lysate
membrane lysate
total cell lysate
membrane lysate
membrane lysate
total cell lysate

ABE-NEM
ABE-NEM
ABE-MMTS
ABE-NEM
acyl-RAC-MMTS
Bioorthogonal labeling (myristic: az-12 or 13TDYA); Bioorthogonal labeling (palmitic: 15HDYA); Bioorthogonal labeling (stearic: az-15
or 17-ODYA)
ABE-NEM

Wei ATVB 2014
Ivaldi PLoS ONE 2012
Marin Circ Res 2012
Dowal Blood 2011
Forrester JLR 2011
Wilson MCP 2011

Bioorthogonal labeling (stearic: 17-ODYA) +
HAM
acyl-RAC-MMTS

Martin Nat Methods
2009
Zhang MCP 2008
Wan Chem & Biol 2013
Martin Nat Methods
2012
Li JBC 2012

Yount Nat Chem Bio,
2010

prostate cancer cell line
DU145
Jurkat T cells

raft and non-raft
membrane fractions
membrane lysate

HeLa cells

membrane lysate

brain
T-cell hybridoma cells

total cell lysate
membrane lysate

neuronal stem cells

membrane lysate

macrophage cell line RAW
264.7 leukaemic monocytes
dendritic cell line DC2.4

membrane lysate

ABE-NEM
Bioorthogonal labeling (stearic: 17-ODYA) +
HAM
Bioorthogonal labeling (stearic: 17-ODYA) +
HAM
ABE-NEM

total cell lysate

Bioorthogonal labeling (stearic: 17-ODYA)

cultured embryonic neuronal
cells and whole brain

total cell lysate and brain ABE-NEM
synaptosomal fraction

Yang MCP 2010

Mouse

Merrick MCP 2011

Rat
Kang Nature 2008

*Note Ren et al Adipocyte 2013 not included in compendium. Supp Data file had many errors in protein identifiers leading its exclusion.

1.3

ENZYMES THAT MODIFY PROTEIN PALMITOYLATION

The first descriptions of palmitoylation (Schmidt et al., 1979) and the first studies
identifying the enzymes that catalyze the process (Lobo, 2002; Roth, 2002) were
separated by two decades of repeated attempts at isolating and characterizing
these enzymes. During this time, the existence of such enzymes remained
controversial (Dietrich and Ungermann, 2004). Spontaneous, autocatalytic
palmitoylation had been observed for some proteins in vitro, when incubated with
acyl-coenzyme A (acyl-CoA), for example, SNAP25 (Veit, 2000; Zeidman et al.,
2009). However, this was not a universal process. Some proteins failed to
undergo autoacylation under the same conditions and not all reactions were
observed to occur at physiological pH and acyl-CoA concentrations. For
example, autoacylation of GAP-43 (growth-associated protein-43) and the Fyn
tyrosine kinase did not occur under the same conditions as for the G protein α
subunit, Gαi1 (Duncan and Gilman, 1996). Almost a decade after the
identification of the first enzymes that catalyze palmitoylation, the process is now
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believed to be enzymatically driven for the majority of proteins (Roth et al., 2006;
Zeidman et al., 2009). The dynamic regulation of palmitoylation necessitates
enzymes that palmitoylate and depalmitoylate substrates.
1.3.1 Palmitoyl acyltransferases (PATs)
In 2002, two landmark papers reported the discovery of two yeast PATs; Akr1
was identified as a PAT for the casein kinase isoform I Yck2 (Roth, 2002) and
Erf2 and Erf4 together were identified to have in vitro PAT activity toward Ras2
(Lobo, 2002). Simultaneously, huntingtin interacting protein 14 (HIP14 or
ZDHHC17) was reported as the mammalian ortholog of AKR1 (Singaraja et al.,
2002), to be later identified as the first mammalian PAT (Huang et al., 2004). The
fact that these PATs all contained a highly conserved core DHHC domain
(Putilina et al., 1999) suggested that other members of the DHHC protein family
may also be PATs. A series of papers describing mammalian PATs soon
followed (Fukata et al., 2004; Huang et al., 2004; Keller, 2004), as well as further
characterization of the PATs in yeast (Lam et al., 2006; Roth et al., 2006;
Smotrys et al., 2005; Valdez Taubas and Pelham, 2005).
The PATs are multipass transmembrane proteins with four to six predicted
TMDs (Figure 1.2) (Conibear and Davis, 2010; Politis, 2005). The signature
DHHC cysteine-rich (DHHC-CR) domain, containing the four-amino acid DHHC
motif, is a zinc finger domain most similar to the C2H2 zinc finger. It consists of 51
amino acids residing on the cytoplasmic face of the membrane (Mitchell et al.,
2006; Politis, 2005; Putilina et al., 1999). The PAT gene family is deeply
conserved in eukaryotes. The NCBI Homologene resource reports PATs in
yeasts, protists, plants, insects, nematodes, fish, birds and mammals (Sayers et
al., 2011). The apparent absence of genes encoding these enzymes in
prokaryotes and archaea coincides with the absence of palmitoylation in these
organisms (Mitchell et al., 2006; Roth, 2002). Seven genes are present in yeast,
23 in humans (Zdhhc1-9 and 11-24), and 24 in mice (Zdhhc1-9 and 11-25), and
those characterized to date demonstrate distinct but overlapping substrate
specificities (Fukata et al., 2004; Huang et al., 2009).
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Figure 1.2: Generic PAT structure. PATs are integral membrane proteins with
either 4 or 6 predicted transmembrane domains. The catalytic site resides within
the DHHC-CR domain (labeled DHHC) and is located on the cytoplasmic
surface.
The core DHHC motif is particularly highly conserved, and is essential for
catalytic function both in vitro and in vivo (Mitchell et al., 2006). PATs have been
proposed to undergo autopalmitoylation on the active site cysteine of the DHHC
motif. The autopalmitoylated enzyme is thought to serve as a transient acylenzyme intermediate prior to transfer of palmitate to the substrate. In accordance
with this mechanism, mutation of this active site cysteine abolishes palmitoylation
of both the enzyme and substrate (Lobo, 2002; Mitchell et al., 2010; Roth, 2002).
A two-step ping-pong mechanism involving a transient acyl enzyme intermediate
was shown for ZDHHC2 and 3 where 3H-palmitate was transferred from the acyl
enzyme intermediate to protein substrate (Jennings and Linder, 2012). The same
study also showed that ZDHHC2 and 3 have distinct lipid substrate specificities
where ZDHHC2 was able to transfer fatty acids from acyl-CoA chain lengths
longer than 14 carbons (14C), whereas ZDHHC3 preferred myristate (C14) and
palmitate (C16) (Jennings and Linder, 2012). Indeed, 17 of the 23 human
ZDHHC proteins have been shown to form acyl enzyme intermediates, ZDHHC2,
3, 5-9, 11-15, 17, 18, 20, and 21. In this study no activity was observed for
ZDHHC23 or 19 and ZDHHC1, 4, 16, and 24 failed to express (Ohno et al.,
2012)
Because palmitoylation occurs in a wide range of soluble and
transmembrane proteins, identifying a consensus sequence for protein
palmitoylation has been challenging. This lack of consensus sequence is a trend
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seen in S-acylated substrates in general. However, some patterns have emerged
(El-Husseini and Bredt, 2002). The number of amino acids between the target
cysteine and the TMD was found to be crucial for palmitoylation in integral
membrane proteins. Transmembrane proteins (e.g. SYT1) are often
palmitoylated at cysteines near the final TMD (Brinke et al., 2002). The four to
five residues surrounding the palmitoylated cysteine appear to be required in
cytosolic proteins that are exclusively palmitoylated (e.g. PSD-95) (El-Husseini et
al., 2000a; El-Husseini and Bredt, 2002). Many palmitoylated cysteines are
flanked by neighboring basic amino acids or polybasic domains, a possible
means to facilitate membrane association by binding to the acidic head groups of
phospholipids (El-Husseini, 2001; Jeffries et al., 2012). Effective palmitoylation
appears to require close proximity of the palmitoylation site to the membrane,
achieved when a target cysteine is either close to or inside a TMD, adjacent to
other lipid modifications, or surrounded by basic or hydrophobic amino acids. All
of these features would presumably bring the substrate in close proximity to the
PAT, facilitating transfer of palmitate to the target cysteine (El-Husseini and
Bredt, 2002; Salaun et al., 2010). The diverse number of features influencing
palmitoylation suggests that three-dimensional structure, in addition to sequence,
may influence palmitoylation (Bijlmakers and Marsh, 2003).
In proteins that undergo both palmitoylation and other fatty acid
modifications, their additions are sequential. Myristoylation or prenylation occurs
first; the resulting weak membrane association brings the substrate in proximity
with membrane-bound PATs for subsequent palmitoylation, typically on nearby
cysteines, which stabilizes the membrane association (El-Husseini et al., 2000a;
Fukata and Fukata, 2010; Shahinian and Silvius, 1995).
Some of the PATs appear to display an affinity for particular types of
substrate. Akr1, the yeast ortholog of HIP14, appears to preferentially
palmitoylate exclusively N- or C-terminally palmitoylated hydrophilic proteins. The
yeast PAT, Erf2-Erf4, appears to preferentially palmitoylate heterolipidated
proteins, i.e. proteins that are C-terminally prenylated and palmitoylated, Nterminally myristoylated and palmitoylated, or C-terminally prenylated and N16

terminally palmitoylated. Similarly, the yeast PAT, Swf1, showed a preference for
juxta-TMD cysteines (Roth et al., 2006). Akr1 recognizes a tripartite
palmitoylation signal of its substrate Yck2; this signal includes a 10-residue long,
conserved C-terminal peptide containing the dual cysteine palmitoylation
acceptor residues, the required central Phe-Phe motif, and the kinase domain
separated by a flexible, unstructured linker domain. The DHHC-CR domain of
Akr1 interacts with the conserved C-terminal peptide and the ankyrin repeat
domain of Akr1 may interact with the kinase domain, with the linker domain
allowing Akr1 to interact with both Yck2 domains simultaneously. There is also
evidence that the HIP14 substrate SNAP25 may contain a similar tripartite
palmitoylation signal (Roth et al., 2011).
The palmitoylation of some substrates appears remarkably dependent on
a particular PAT (Roth et al., 2006), whereas other proteins can clearly undergo
palmitoylation by multiple PATs (Fukata et al., 2004; Huang et al., 2009; Salaun
et al., 2010). Thus, PATs appear to demonstrate both unique and overlapping
substrate specificities, and a particular substrate may be palmitoylated by one or
many PATs. Whether all of these PAT-substrate pairings occur in vivo is unclear.
Mammalian PATs can be found largely on Golgi, endoplasmic reticulum
(ER), and endosomes but also on the PM (Ohno et al., 2006). In neurons
ZDHHC5 was detected in dendrites and DHHC8 was localized to the
postsynaptic compartment (Thomas et al., 2012). Their localization within the cell
appears to be an important determinant of substrate specificity. However,
determining the localization of PATs has yielded inconsistent findings, even
within the same laboratory. The results appear to be affected by the stage of cell
cycle, cell health and type, and the location of the epitope tag on the protein
(Planey and Zacharias, 2009). Rocks and colleagues proposed that while
depalmitoylation appears to occur throughout the cell, palmitoylation only occurs
on the Golgi. Rapid depalmitoylation allows mislocalized proteins to be redirected
to the Golgi, thereby serving as a means of directional sorting of peripheral
membrane proteins (Rocks et al., 2010). However, Gorleku and others showed
that ZDHHC4 and 6 contain dilysine-based ER targeting signals at their C-termini
17

and localize to the ER and that the normally Golgi localized ZDHHC3 with either
ER targeting signal from ZDHHC4 or 6 appended to the C-terminus localized to
the ER and was able to palmitoylate its substrates SNAP25 and CSP (Gorleku et
al., 2011). ZDHHC5 was suggested to palmitoylate GRIP1b in the dendritic shaft
on recycling endosomes in a highly dynamic manner (Thomas et al., 2012).
These data indicate that, in fact, palmitoylation can occur on other membrane
compartments other than the Golgi.
Despite the lack of a clear consensus sequence for palmitoylation, in silico
prediction tools have been developed. CSS-Palm, which is most commonly used,
generates predictions of palmitoylation sites based on a large training data set of
known palmitoylated proteins using a cluster and scoring strategy (Ren et al.,
2008). A caveat of such an approach is that proteins predicted to be
palmitoylation substrates would tend to resemble known substrates. Therefore
new tools must be developed to take into account both structure and sequence
requirements for palmitoylation as new PAT substrates are identified and their
elements required for palmitoylation are defined. A new tool, WAP-Palm has
attempted to do so by using information from amino acid composition, sequence
position, physiochemical properties, and evolutionary information to predict sites
of palmitoylation (Shi et al., 2013). This tool has not been as extensively used as
CSS-Palm yet as it is relatively new so it remains to be determined if it is more
accurate than CSS-Palm.
1.3.2 Enzymes promoting depalmitoylation of proteins
Despite the impressive progress made in the discovery of the enzymes that
catalyze palmitoylation over the past decade, progress in uncovering the
enzymes that catalyze depalmitoylation has been limited. As discussed
previously, palmitoylation is thought to be an enzymatic process for most proteins
but autoacylation can occur. In contrast, removal of palmitate from proteins
appears to be strictly an enzymatic process, and is particularly important in
proteins for which palmitoylation is dynamically regulated. Furthermore, in
substrates that are autoacylated, the enzymatic removal of palmitate serves as
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the only means of regulation (Zeidman et al., 2009). To date, four acyl protein
thioesterases (APT; commonly referred to as thioesterases) have been identified
to catalyze depalmitoylation: acyl protein thioesterases, APT1, APT2, and APTL1
and the protein-palmitoyl thioesterase (PPT), PPT1 (Tomatis et al., 2010;
Zeidman et al., 2009).
APT1 is a cytoplasmic thioesterase (Hirano et al., 2009). Cell-based
experiments in yeast deficient in Apt1 have confirmed APT1 as a thioesterase
(Duncan, 2002; Yeh et al., 1999). It is expressed in a wide range of mouse
tissues (Toyoda et al., 1999), and has been shown to depalmitoylate a growing
list of proteins in vitro, including the Gαs signaling molecules, H-Ras, and
endothelial NOS (Duncan and Gilman, 1998; Yeh et al., 1999). The use of an
inhibitor of APT1, palmostatin-B, to interrupt the dynamic palmitoylationdepalmitoylation cycle of Ras demonstrates in vivo that APT1 mediates the
release of H/N-Ras from the PM (Dekker and Hedberg, 2011). In neurons APT1
plays an important role in synaptic function and spine morphogenesis, a process
critical in long-term memory. Siegel et al. found that APT1 expression was
downregulated by miRNA-138, leading to suppression of hippocampal dendritic
spine enlargement, most likely through Gα13 signaling (Siegel et al., 2009).
Similar to PATs, there does not appear to be a defined substrate
recognition sequence for sites of thioesterase depalmitoylation; the list of APT1
substrates contains proteins that are structurally diverse and contain different
combinations of lipid modifications (Zeidman et al., 2009). Nonetheless, there are
examples of proteins for which APT1 does not catalyze deacylation (Yeh et al.,
1999), and the efficiency of deacylation may be highly variable from substrate to
substrate (Duncan, 2002). Depalmitoylation activity is observed throughout the
cell, and this has been suggested as a mechanism by which mislocalized
proteins may be redirected within the cell (Rocks et al., 2010). While APT1 has
no predicted TMDs (Zeidman et al., 2009), it may be palmitoylated, enabling
APT1 interaction with its membrane-associated targets (Yang et al., 2010).
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The crystal structure of APT1 reveals that it is a member of the alpha/beta
hydrolase enzyme family and contains a catalytic triad made up of Ser114,
His203, and Asp169. The alpha/beta hydrolases catalyze a two-step reaction
whereby the acyl chain is removed from the substrate by nucleophilic attack by
the active site serine, which itself then becomes acylated. The acyl-enzyme
intermediate is then hydrolyzed to remove the acyl chain in the second step of
the reaction (Devedjiev et al., 2000).
APT2 (lysophospholipase II) is an APT1 homologue with 64% amino acid
sequence identity with APT1 and also contains the Ser-Asp-His catalytic triad
(Toyoda et al., 1999). APT2 has been shown to depalmitoylate GAP-43 and HRas (Rusch et al., 2011; Tomatis et al., 2010).
The third known thioesterase is PPT1, which resides in the lysosome and
indiscriminately cleaves fatty acids (usually palmitate) from cysteine residues as
part of regular protein degradation pathways (Verkruyse and Hofmann, 1996;
Zeidman et al., 2009). The lysosomal localization of PPT1 makes it unlikely to
serve as a thioesterase for cytoplasmic proteins (Verkruyse and Hofmann, 1996).
However, PPT1 has been reported to localize to synaptosomes and synaptic
vesicles in neurons (Heinonen et al., 2000; Lehtovirta et al., 2001), where it may
depalmitoylate a number of neuronal peptides (Cho et al., 2000).
Mutations in PPT1 in humans results in a form of Batten disease, known
as infantile neuronal ceroid lipofuscinosis (NCL) (Vesa et al., 1995), which
features an accumulation of lysosomal autofluorescent deposits (Santavuori,
1988). This is further described in section 1.3.4 below.
A PPT1 homolog, PPT2, is also a lysosomal thioesterase (Soyombo and
Hofmann, 1997). While mutations in PPT2 in mice result in an NCL phenotype
with slower onset and milder phenotype (Gupta et al., 2001), the smaller lipid
binding groove than that of PPT1 predicted by crystal structure (Calero, 2003)
together with a substrate preference for palmitoyl-CoA over palmitoylated
proteins (Soyombo and Hofmann, 1997) make it unlikely that PPT2 serves as a
thioesterase for palmitoylated proteins (Zeidman et al., 2009).
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The search for potential thioesterases is ongoing. Other members of the
alpha/beta hydrolase family may emerge as potential depalmitoylating enzymes.
Indeed the APT1 homolog APT1-like (APTL1; LYPLAL1) was recently shown to
have depalmitoylate the S0-S1 loop of the BK channel controlling its surface
expression (Tian et al., 2012; Zeidman et al., 2009).
The small GTPases H- and N-Ras are palmitoylated with rapid
palmitoylation/depalmitoylation cycles regulating bidirectional trafficking between
the Golgi and the PM (Goodwin, 2005; Rocks et al., 2010; Swarthout, 2005). The
mechanism leading to rapid depalmitoylation of Ras is presently unknown,
however, in vitro evidence suggests that APT1 acts as the Ras APT. siRNA
knockdown of APT1 reduces Ras palmitoylation in cells and recombinant rat or
yeast APT1 can depalmitoylate Ras (Dekker and Hedberg, 2011; Duncan, 2002;
Smotrys and Linder, 2004). APT1 and APT2 may be palmitoylated themselves
and undergo dynamic palmitoylation cycles where APT1 depalmitoylates itself
and APT2. The authors suggested that this dynamic palmitoylation links their
cytosol-membrane trafficking with that of their substrates and maintains steady
state levels of membrane localization and function (Kong et al., 2013b).
Recent findings indicate that the prolyl isomerase, FK506-binding protein
12 (FKBP12), binds to palmitoylated H-Ras and promotes depalmitoylation at
Cys181 and Cys184. The ability of FKBP12 to promote depalmitoylation of HRas is dependent on its prolyl isomerase function and Pro179 of Ras. This
suggests that the cis-trans isomerization about the Gly-Pro bond at this position
allows hydrolysis of the thioester bond, possibly by allowing APT1 (or another
thioesterase) to more efficiently perform this function (Ahearn et al., 2011). This
may be a novel mechanism of protein depalmitoylation not solely dependent
upon thioesterases.
1.4

INVOLVEMENT OF PALMITOYLATION IN DISEASES AFFECTING THE
NERVOUS SYSTEM

In recent years, it has become clear that the enzymes that regulate protein
palmitoylation play a critical role in several biological processes, which, when
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disturbed, can lead to disease. To date, six PAT genes have been reported to be
associated with human disease (Liu et al., 2002; Mansouri et al., 2005; Mizumaru
et al., 2009; Raymond et al., 2007; Singaraja et al., 2011; Yanai et al., 2006) and
other PAT genes have been associated with disease phenotypes in animal
models (Table 1.3) (Li et al., 2010; Mill et al., 2009; Saleem et al., 2010).
Aberrant palmitoylation, without implication of a specific PAT, has also been
associated with diseases (Antinone et al., 2013; Zhu et al., 2013). Association
with neurological disease and dermatological pathology appear to be major
themes. However, mutations in three PATs (ZDHHC2, 9, 11) have been
implicated in various forms of human cancer (Mansilla et al., 2007; Oyama et al.,
2000; Yamamoto et al., 2007; Zhang et al., 2008) and one study reported HIP14
to be an oncogene in vitro and in vivo in mice (Ducker et al., 2004). Mutations in
two PATs (huntingtin interacting protein 14-like [HIP14L or ZDHHC13] and
ZDHHC21) have been shown to result in dermatological and related phenotypes
in inbred mice (Mill et al., 2009; Saleem et al., 2010). In addition, mice
homozygous for a hypomorphic allele of Zdhhc5 demonstrate reduced contextual
fear conditioning, suggesting defective hippocampal-dependent learning. These
results suggest a previously unexplored role for ZDHHC5 in learning and
memory and may implicate this PAT in neuropsychiatric diseases (Li et al.,
2010).
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Table 1.3: PAT and thioesterase involvement in disease processes
affecting the nervous system.
Human Disease
Relevance

Experimental
Model

Huntington disease In vitro

Associated Features

Enzyme

Weaker HTT-HIP14 interaction and reduced HIP14
palmitoylation in presence of disease
causing mutation in HTT.

Reference

Singaraja et al. 2002,
Huang et al. 2004

Animal model Reduced HTT palmitoylation in YAC128
mouse model of HD.

HIP14

Yanai et al. 2006

Animal model Phenotype in mice lacking murine Hip14
resembles mouse model of HD

HIP14

Singaraja et al. 2011

Animal model Strain 129S6/SvEv: Hair, skin, and bone
abnormalities with impaired survival and
global amyloidosis.
Reduced HTT palmitoylation in vitro

HIP14L

Saleem et al. 2010

In vitro

DHHC12 modifies APP metabolism
(including A production)

ZDHHC12 Mizumaru et al. 2009

Amyotrophic lateral In vitro
sclerosis

Increased palmitylation and decreased
processing of familial ALS SOD1 mutatnts

--

Antinone et al. 2013

Schizophrenia

Increased transmission of Schizophreniaassociated SNP in females with

ZDHHC8

Liu et al. 2002a

Alzheimer disease

Human

Animal model In females:
ZDHHC8
Deficit in prepulse inhibition
Abnormal fear-related exploratory behaviour
Decreased sensitivity to NMDAR blocker
Decreased density of dendritic spines
Rescue by WT ZDHHC8
X-linked mental
retardation (XLMR)

Infantile Neuronal
Cereoid
Lipofuscinosis

Mukai et al. 2004
Mukai et al. 2008

Human

Severe nonsyndromic XLMR, epileptic
seizures, dysmorphic facial appearance

ZDHHC15 Mansouri et al. 2005

Human

Moderate XLMR in males, developmental
delay

ZDHHC9

Raymond et al. 2007

Human

Infantile onset blindness,
neurodegeneration, autofluorescent
lipopigments in neurons

PPT1

Vesa et al. 1995

Learning & memory Animal model Impaired cognition and impaired survival in a ZDHHC5
hypomorphic Zdhhc5 mouse

Yi et al. 2010

Ischemic stroke

Yang and Cynader
2011

Animal model Enhanced interaction of HIP14 with JNK3 in HIP14
brains from a rat model of transient ischemic
stroke, treatment before or after the ischemic
insult with a peptide that inhibits this
interaction reduced the infarct size by 80%
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While PPT1 does not appear to play a major role in regulated
palmitoylation cycling, mutations in PPT1 lead to a well-described
neurodegenerative phenotype in infants (Vesa et al., 1995). APT1 and APT2
have not been specifically implicated in any human disease to date. As research
in the field of palmitoylation progresses, further disease associations for other
thioesterases may be elucidated.
Here the focus is on the evidence for involvement of aberrant
palmitoylation in diseases affecting the nervous system (Table 1.3).
1.4.1 Alzheimer disease
A number of studies have explored the role of palmitoylation in AD pathogenesis.
AD is a progressive neurodegenerative disorder characterized by memory loss,
confusion and disorientation. The major pathogenic step in AD is the generation
of neurotoxic beta-amyloid (Aβ) from amyloid precursor protein (APP) by the
sequential cleavage by β-secretase (the major one being β-site amyloid
precursor protein cleaving enzyme 1: BACE1) and γ-secretase enzymes (Selkoe,
2001). No genetic link has yet been found between PATs and AD but there is
evidence the amyloidogenic APP-processing enzymes are palmitoylated;
whether this palmitoylation is disrupted in AD is currently unclear.
ZDHHC12 has been linked to regulation of APP trafficking and metabolism
(Mizumaru et al., 2009). ZDHHC12 strongly inhibited APP metabolism and Aβ
generation by retaining APP in the Golgi and preventing further trafficking to the
trans Golgi network and PM in neuroblastoma cells (Mizumaru et al., 2009)
BACE1, a type I transmembrane protein with a long extracellular catalytic
domain and a cytoplasmic tail, is palmitoylated at four sites: three within the Cterminal cytoplasmic tail (Cys478, Cys482, Cys485) (Benjannet et al., 2001) and
one on its TMD (Cys475) (Vetrivel et al., 2009). In vitro coexpression studies
have identified five potential PATs that enhance palmitoylation of BACE1:
ZDHHC3, 4, 7, 15 and 20. Palmitoylation is critical for targeting a significant pool
of BACE1 to lipid rafts (Vetrivel et al., 2009).
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The data to determine whether palmitoylation of BACE1 promotes or
inhibits Aβ generation is contradictory. Multiple lines of evidence indicate that
BACE1 cleaves APP at lipid rafts (Ehehalt, 2003) and when BACE1 is
exclusively localized to rafts by a glycophosphatidylinositol anchor, Aβ production
is enhanced (Cordy et al., 2003; Riddell et al., 2001). Given that palmitoylation is
known to localize BACE1 to lipid rafts, BACE1 palmitoylation would be expected
to promote Aβ generation. In accordance with this, disruption of lipid rafts and
palmitoylation with statins (cholesterol biosynthesis inhibitors) reduced total Aβ
production in Human embryonic kidney 293 (HEK293) cells (Parsons and
Austen, 2007; Sidera et al., 2004). In contrast, there is evidence to suggest that
BACE1 palmitoylation reduces Aβ production. BACE1 is shed from cell cultures
into the medium and in order to study the amyloidogenic potential of this nonpalmitoylated BACE1, a soluble form of BACE1 was generated by deletion of the
TMD and cytoplasmic tail. This soluble BACE1 remains unpalmitoylated and its
expression in HEK293 cells enhances amyloidogenic APP processing compared
to wildtype (WT) BACE1. This indicates that shed BACE1 is capable of
processing APP and that prevention of BACE1 shedding by palmitoylation is
protective (Benjannet et al., 2001). These seemingly contradictory findings may
arise due to methodological issues in the above studies. The study by Parsons et
al., used cholesterol depletion with statins to disrupt BACE1 palmitoylation and
its association with lipid raft microdomains (Parsons and Austen, 2007).
Cholesterol depletion is a very crude method and has multiple effects on Golgi
morphology, vesicular trafficking and membrane bulk fluidity, which may
complicate the interpretation of these findings (Vetrivel et al., 2009). In Benjannet
et al., the soluble BACE1 construct was overexpressed in HEK293 cells to nonphysiological levels, which increased APP processing possibly due to increased
BACE1 expression rather than hypopalmitoyation (Benjannet et al., 2001).
Vetrivel et al., subsequently designed an elegant study to address the role
of palmitoylation in BACE1 processing of APP, avoiding a cholesterol depletion
paradigm (Vetrivel et al., 2009). They mutated all four cysteine residues in
BACE1 to alanines, which abrogated palmitoylation and displaced BACE1 from
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lipid rafts. Protein stability and subcellular localization to the trans Golgi network
or endosomes was not altered and, surprisingly, the palmitoylation-deficient
BACE1 processed APP just as efficiently as WT BACE1 (Motoki et al., 2012;
Vetrivel et al., 2009). Thus, in contrast to earlier studies these findings suggested
that efficient cleavage of APP by BACE1 does not require palmitoylation or
localization to lipid rafts. Therefore disrupted BACE1 palmitoylation is unlikely to
contribute to AD.
γ-secretase acts subsequently to BACE1 to generate the toxic APP
cleavage product, Aβ. γ-secretase consists of four subunits; presenilin (PS1 or
PS2), PEN2, APH1, and nicastrin. The latter two are palmitoylated, nicastrin at a
transmembrane site, Cys689, and APH1 at two cytosolic cysteines, Cys182 and
Cys245. Lack of palmitoylation destabilizes these substrates but does not alter γsecretase processing of APP in cells (Cheng et al., 2009). Transgenic mice
coexpressing palmitoylation-deficient APH1aL and nicastrin in the forebrain do
not demonstrate impaired γ-secretase assembly, enzymatic activity, or
localization in dendrites and axons of cortical neurons. When crossed to mice
coexpressing variants of APP and PS1, associated with familial AD, stabilization
of transgenic PS1 was still observed in the brains of double transgenic mice,
indicating a stable enzymatic complex was formed. The mouse model of AD
expressing palmitoylation-deficient γ-secretase subunits actually showed a small
but statistically significant reduction in amyloid deposition in the forebrains
compared to mice overexpressing WT subunits. These data suggest that
palmitoylation-deficient γ-secretase is less active towards, both WT and mutant,
APP than WT γ-secretase and that reduced palmitoylation is somewhat
protective in AD. The mild changes observed in amyloid deposition, however,
indicate that other factors contribute to Aβ deposition (Meckler et al., 2010).
APP itself was suggested to be palmitoylated (Bhattacharyya et al., 2013).
S-palmitoylation of APP was observed using the ABE assay and bioorthogonal
labeling followed by Click detection of palmitoylation. As there are no cysteine
residues in the cytosolic domain of APP, the sites of palmitoylation of APP were
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found to be Cys186 and Cys187, which are in the N-terminal luminal copper
binding domain and are involved in stabilizing the domain structure by forming
disulphide bonds with Cys158 and Cys133. Mutation of these palmitoyl cysteines
led to retention of APP in the ER, however it was likely that this was due to loss
of disulphide bonding rather than loss of palmitoylation. Palmitoylation of APP
was detected largely in lipid rafts where palmitoylated APP was preferentially
cleaved by BACE1 to produce amyloidogenic cleavage products. Interestingly,
palmitoylation of APP increased during normal aging of mice, suggesting a
correlation between palmitoylation and Aβ production in age (Bhattacharyya et
al., 2013).
Overexpression of ZDHHC7 and 21 increased palmitoylation of APP and
Aβ production (Bhattacharyya et al., 2013). The idea that DHHC PATs could be
mediating S-palmitoylation in the lumen is controversial. ZDHHC PATs are
believed to orient in the membrane such that the DHHC active site domain faces
the cytosol and as such are thought to only palmitoylate cytosolic cysteines
(Fukata and Fukata, 2010; Ohno et al., 2006). The authors suggest that these
enzymes reorient one or more TMDs posttranslationally such that occasionally
the DHHC domain faces the lumen (Bhattacharyya et al., 2013). This is the first
time that this phenomenon has been suggested to occur for ZDHHC PATs. It is
also possible that ZDHHC7 and 21 increase palmitoylation of APP by regulating
an MBOAT. Indeed, the authors do not show definitively that APP is Spalmitoylated. It is possible that APP is actually N-palmitoylated by MBOATs, not
S-palmitoylated. APP palmitoylation was detected using bioorthogonal labeling,
which can label both N- and S-palmtioylation, and using the ABE assay, which
could give false positives when disulphide bonds are involved, due to reduction
of the disulphide bond by HAM and subsequent labeling of previously disulphided
bonded cysteines. To circumvent this issue it would be imperative to perform
HAM treatment following bioorthogonal labeling to ensure that the palmitoylation
detected are HAM sensitive and, thus, are S-palmitoylation events. Spalmitoylation of APP could also simply occur spontaneously.

27

Together these studies on AD-related proteins demonstrate the complex
but prominent role that palmitoylation plays in the regulation of amyloidogenic
APP processing and highlight the need for further studies to clarify the role of
palmitoylation in AD.
1.4.2 Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is an adult onset motor neuron disease
characterized by degeneration of upper and lower motor neurons, which causes
progressive muscle atrophy, weakness, and spasticity. ALS is fatal with death
from denervation of the respiratory muscles occurring on average five years after
onset (Rothstein, 2009). Although 90-95% of cases are sporadic the remaining
cases are inherited (familial ALS [FASL]) and of these FALS cases, 20% are due
to mutations in the Cu/Xn superoxide dismutase (SOD1) gene. FALS mutations
in SOD1 are believed to confer a toxic gain of function rather than loss of function
(Rothstein, 2009). SOD1 was recently shown to be palmitoylated in two studies
by multiple methods at Cys6 (Antinone et al., 2013; Marin et al., 2012). Antinone
and colleagues found that the immature form of SOD1 that does not have a
disulphide bond between Cys57 and Cys146 is predominantly palmitoylated
suggesting an interplay between palmitoylation and protein maturation (Antinone
et al., 2013). Interestingly, they found that three FALS-linked SOD1 mutants
(A4V, G93A, and G85R) were more palmitoylated than WT SOD1 when
overexpressed in HEK293 cells and in the NCS-34 motor neuron cell line. SOD1
palmitoylation was also increased in spinal cord from G93A SOD1 and G85R
SOD1 transgenic mice (Antinone et al., 2013). In all these cases it was the
immature, reduced form of SOD1 that was found to be palmitoylated. Increased
palmitoylation of A4V SOD1 increased the membrane association of SOD1. The
authors suggest that increased palmitoylation of mutant SOD1 in FALS may
result in targeting to mitochondria which may contribute to the mitochondrial
dysfunction in FALS (Antinone et al., 2013).
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1.4.3 Schizophrenia
Microdeletions in chromosome 22q11 have been widely described and occur in
one in every 6000 births (Botto et al., 2003). A large proportion of these
individuals will display neurodevelopmental and neuropsychiatric symptoms, and
it is estimated that 25% will develop schizophrenia in young adulthood (Murphy
et al., 1999; Pulver et al., 1994). In 2002, an association was reported between
the ZDHHC8 gene located in the 22q11 microdeletion region and schizophrenia.
Significant association with three single nucleotide polymorphisms (SNPs) in
ZDHHC8 was reported in US and South African populations (Liu et al., 2002).
Subsequently, one of these SNPs (rs175174) was confirmed to be significantly
associated with schizophrenia in American and South African patients,
particularly in female patients. This SNP was found to influence alternative
splicing of ZDHHC8 by increasing retention of intron-4 leading to the introduction
of a premature termination codon and increased ratios of the expression of risk
allele to the non-risk allele. The subsequent reduced expression and possible
dominant negative truncation product may contribute to disease pathophysiology
(Mukai et al., 2004). A Zdhhc8-deficient mouse also displayed a sexually
dimorphic effect; female mice demonstrated significant deficits in pre-pulse
inhibition (PPI; a behavioral readout of sensorimotor gating) and abnormalities in
fear-related measures of spontaneous activity, features that were almost absent
in male mice. The changes in behavior were thought to arise at least in part from
ZDHHC8 influence on glutamatergic transmission, as female Zdhhc8-deficient
mice appeared less sensitive to an NMDAR blocker (Mukai et al., 2004). Female
rats have been previously shown to have differences in glutamatergic
transmission compared to males (D'Souza et al., 1999). A follow-up study by the
same group demonstrated that Zdhhc8-deficient mice have decreased density of
dendritic spines (Mukai et al., 2008).
Despite another study confirming an association between schizophrenia
and ZDHHC8 in the Han Chinese population (Chen et al., 2004), several
subsequent studies failed to identify this association in other populations (Demily
et al., 2007; Glaser et al., 2006; 2005; Otani et al., 2005; Saito et al., 2005; Xu et
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al., 2010). However, one group recently identified ZDHHC8 polymorphisms
associated with abnormalities in smooth eye movements, a common feature in
schizophrenia (Shin et al., 2010). These inconsistent findings may be partially
attributed to the different ethnic origins of the various populations. It is possible
that the association may be attributed to a closely linked genetic locus, and not to
ZDHHC8 itself. Nonetheless, the deficits seen in mice lacking Zdhhc8 would
seem to support its role in neuropsychiatric deficits (Mukai et al., 2004), and
highlight that this protein and its relationship to neuropsychiatric disease merits
further study.
1.4.4 Mental retardation
ZDHHC15 has been reported as a strong candidate for nonsyndromic X-linked
mental retardation (XLMR). In the reported case of a 29-year old woman with
severe nonsyndromic mental retardation, a balanced reciprocal translocation
between chromosomes X and 15, 2442 to 3885 bp upstream of the ZDHHC15
gene, resulted in an absence of ZDHHC15 transcripts (Mansouri et al., 2005).
Mutations in ZDHHC9, also on the X-chromosome, were found in 4 of 250
families with XLMR. Two of these mutations were missense mutations in the
DHHC-CR domain, one of which was a highly conserved residue (Mitchell et al.,
2006; Raymond et al., 2007). However, this finding was not validated by an
assessment of ZDHHC9 enzyme expression or functional assay.
1.4.5 Neuronal cereoid lipofuscinosis
In addition to the many PAT disease associations, mutations in enzymes
regulating palmitate removal can also result in disease. Mutations in the PPT1
gene on chromosome 1p32 result in infantile NCL (Vesa et al., 1995). The NCLs
are a group of genetically distinct diseases featuring an accumulation of
lipofuscin (a granular autofluorescent lipopigment) and resulting in progressive
blindness and neurodegeneration. Infantile NCL is a very early-onset form of
NCL, featuring a striking loss of cortical neurons (Mitchison et al., 1998). After the
crystal structure of PPT1 was identified, a correlation was observed between the
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severity of the infantile NCL phenotype and the effect of the various mutations on
the catalytic site (Bellizzi et al., 2000).
The molecular mechanism of PPT1 deficiency induced neurodegeneration
may be due to activation of an apoptosis pathway. Ppt1 deficient mice
demonstrate abnormal ER morphology and an accumulation of palmitoylated
GAP-43 in the ER. The authors suggest this leads to activation of unfolded
protein response in the ER and subsequently activation of caspase-3 and
apoptosis (Zhang et al., 2006). PPT1 may help protect against apoptosis.
Reduced cell death, reduced activation of caspase-3, and increased
phosphorylation of the anti-apoptotic protein AKT (protein kinase B) were
observed in neuroblastoma cells overexpressing PPT1 treated with the
apoptosis-inducing agent, C2 ceramide (Cho and Dawson, 2000). Inhibition of
PPT1 in the same neuroblastoma cells, either via Ppt1 antisense RNA or a PPT1
inhibitor, resulted in enhanced apoptosis (Cho and Dawson, 2000).
In patients with an autosomal dominant form of NCL, two disease-causing
mutations (Leu115Arg and Leu116del) were identified in DNAJC5 (DnaJ heat
shock protein 40 homolog), commonly known as cysteine string protein (CSP).
This gene encodes a protein palmitoylated on its cysteine rich domain implicated
in membrane association, trafficking, protein folding, and exocytosis with a
neuroprotective role (Greaves et al., 2008). Both mutations were shown to
segregate with disease and increase the proportion of unpalmitoylated CSP
leading to loss of membrane localization and increased diffuse cytosolic staining
in a cellular model. The Leu115Arg mutation is predicted to decrease the
hydrophobicity of the cysteine-string domain that is required for the initial
association with the ER membrane prior to palmitoylation and the Leu116del
mutation is predicted to negatively impact the palmitoylation of the adjacent
cysteines (Nosková et al., 2011). Greaves and colleagues found that both of
these mutations led to loss of palmitoylation of the monomeric form of CSP and
resulted in dispersed, punctate localization of CSP. They also observed the
formation of high molecular weight SDS-resistant CSP aggregates that were
enriched in the membrane fraction (Greaves et al., 2012). These mutant
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aggregates were palmitoylated and co-expression with ZDHHC3 or 17 increased
aggregation whereas treatment with HAM broke up the aggregates. The authors
hypothesize that aggregation of CSP causes NCL in a dominant manner due to
loss of CSP function by recruitment of WT as well as mutant CSP into the
aggregate or by build up of aggregated, palmitoylated CSP that is resistant to the
action of lysosomal thioesterases, a slower progressing but similar effect as in
Ppt1 deficiency. These results implicate a role for palmitoylation in the
neurodegenerative disease NCL.
1.4.6 Huntington disease
Huntington disease (HD) is an autosomal dominant neurodegenerative disease
that presents with cognitive, motor, and psychiatric signs and symptoms (Roos,
2010; Sturrock and Leavitt, 2010). Striatal volume loss and loss of medium spiny
neurons (MSNs) of the striatum are key features of the disease (Vonsattel and
DiFiglia, 1998). HD results from a mutation in the huntingtin (HTT) gene by
expansion of a normal-length polyglutamine-encoding CAG trinucleotide repeat
to greater than 35 repeats (mHTT or polyQ) (Group, 1993). The prevalence of
HD in Caucasian European populations was recently estimated at 13.7 per
100,000 individuals in the general population and 17.2 per 100,00 in Caucasians,
with lower prevalence in East Asian and African populations (Fisher and Hayden,
2014; Walker, 2007; Warby et al., 2011). Several lines of evidence have
implicated aberrant palmitoylation by HIP14 and HIP14L in the pathogenesis of
HD.
1.4.6.1

Discovery of the huntingtin interacting proteins: HIP14 and HIP14L

Prior to the identification of HIP14 as the first mammalian PAT and its implication
in HD pathogenesis, the Drosophila melanogaster ortholog of HIP14, dHIP14
(CG6017), was described as a gene controlling synaptogenesis and embryonic
motor axon guidance (Kraut et al., 2001). Special interest in HIP14 arose later
when it was identified as part of a yeast two-hybrid screen for HTT interactors
(Kalchman et al., 1996; Singaraja et al., 2002). HIP14 was selected for further
study, as its interaction with HTT was found to be inversely correlated with polyQ
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length, suggesting a potentially important role in HD pathogenesis (Singaraja et
al., 2002). Moreover, HIP14 was shown to be enriched in the brain and to be
expressed in MSNs, the earliest affected cell population in HD. HIP14L was
identified in a database search for HIP14 homologs (Singaraja et al., 2002).
HIP14L was also shown later to be enriched in the brain and to interact with HTT
in a manner inversely correlated to polyQ length (Huang et al., 2011; Sutton et
al., 2013).
Both HIP14 and HIP14L proteins display sequence similarity to the yeast
proteins Akr1 and Akr2, the former being an essential protein for endocytosis in
the yeast Saccharomyces cerevisiae. Expression of human HIP14 was sufficient
to rescue temperature-sensitive lethality and restore defects in endocytosis in
yeast cells lacking Akr1. These findings suggested a role for HIP14 in
intracellular trafficking (Singaraja et al., 2002). Akr1 was described as a PAT in
2002 (Roth, 2002). The high sequence similarity of HIP14 to Akr1 and the
presence of the signature DHHC-CR domain led investigators to ask whether
HIP14 may also be a PAT; this was confirmed in 2004 in the laboratories of the
late Alaa El-Husseini and Michael Hayden (Huang et al., 2004). HIP14 was
reported to enhance palmitoylation-dependent trafficking of several proteins in
neurons, and siRNA suppression of HIP14 endogenous expression in neurons
reduced the synaptic clustering of PSD-95 and GAD65 (Huang et al., 2004). This
study was the first of many to explore the role of HIP14 as a PAT and its
importance in normal biology, as well as its potential role in human disease.
1.4.6.2

Evidence for aberrant palmitoylation in Huntington disease

Following the 2004 description of HIP14 as a PAT for HTT, Yanai et al. identified
the major site of palmitoylation of HTT as Cys214 (Yanai et al., 2006). Mutation
of this site to serine, rendering it palmitoylation-resistant, resulted in increased
NMDA-induced toxicity in rat cortical neuronal cultures and increased inclusion
formation in COS cells and neuronal cultures. siRNA-mediated downregulation of
HIP14 in cortical neuronal cultures from the YAC128 mouse model of HD (a fulllength human HTT transgenic mouse with 128 CAG repeats) resulted in
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increased inclusion formation (Slow, 2003; Yanai et al., 2006). In contrast,
overexpression of HIP14 significantly reduced inclusion formation in YAC128
cortical neurons. Finally, HTT palmitoylation is reduced in the brain of YAC128
mice. All of these findings combined suggested an important role for
palmitoylation in HD (Yanai et al., 2006).
In order to assess whether HIP14 function might be impaired in HD, HIP14
expression levels were assessed in the striatum of YAC128 and R6/2 (an HD
mouse model expressing exon 1 of human HTT with 148-153 CAG repeats
(Heng et al., 2008; Mangiarini et al., 1996)) mice and found to be unaltered,
confirming that HD pathology is not a result of reduced HIP14 expression (Rush
et al., 2012; Singaraja et al., 2011). Like all PATs, HIP14 itself is palmitoylated
(Huang et al., 2004), and this auto-palmitoylation is a conserved feature that is
correlated with PAT activity (Fukata et al., 2004; Huang et al., 2004). The
palmitoylation of HIP14 is reduced in brains of YAC128 and R6/2, suggesting
that HIP14 activity is reduced in the presence of mutant mHTT. Similarly, HIP14
isolated from YAC128 brains demonstrated significantly reduced PAT activity
toward SNAP25, confirming that HIP14 is dysfunctional in the presence of mHTT
(Huang et al., 2011; Singaraja et al., 2011). Indeed, GAD65 has been shown to
have dramatically reduced palmitoylation in the presence of mHTT, in N2A cells
overexpressing HTT 1-68 with 103 polyQ repeats compared to cells
overexpressing HTT 1-68 with 25 polyQ repeats and in the striatum of R6/2 mice
(Rush et al., 2012).
There are other pieces of evidence of aberrant palmitoylation in HD. 19
proteins have been shown to have a greater than 10% decrease of palmitoylation
in 12-month old YAC128 mice. This study involved determining the palmitoyl
proteome in whole brain lysates from WT and YAC128 mice by stable isotope
labeling of mammals and ABE MS. Interestingly, a large number of these 19
proteins are glial specific proteins, including carbonic anhydrase II, two myelinassociated oligodendrocyte proteins, the phosphodiesterase CNP and the
transmembrane protein myelin oligodendrocyte glycoprotein; and three
components of the astrocyte glutamate-glutamine pathway, glutamine-ammonia
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ligase and two glutamate transporters GLT-1 (SLC1A2) and GLAST (SLC1A3)
(Wan et al., 2013). Indeed, GLT-1 was previously shown to be less palmitoylated
in the YAC128 mice. The loss of palmitoylation of GLT-1 leads to loss of
glutamate uptake activity (Huang et al., 2010). These data implicate
palmitoylation in the regulation of glutamate transport and metabolism, which
may contribute to the glutamate toxicity in HD.
1.5

HIP14 AND HIP14L: EXPRESSION, FUNCTION, AND STRUCTURE

1.5.1 HIP14 and HIP14L are widely expressed
HIP14 is highly expressed in the adult brain, in all regions assessed at both the
transcript and protein level (Singaraja et al., 2002). HIP14 mRNA and protein has
also been detected in most peripheral tissues studied (Ohno et al., 2006;
Singaraja et al., 2002). Due to lack of a reliable antibody for HIP14L, only mRNA
expression has been assessed; Hip14l mRNA expression appears ubiquitous in
adult human and mouse tissue (Ohno et al., 2006; Saleem et al., 2010; Sutton et
al., 2013). However, mice Hip14l mRNA expression was highest in the heart,
muscle, brain, and kidney and within the brain was highest in the cerebellum
(Sutton et al., 2013).
At the subcellular level, endogenous HIP14 localizes to Golgi and
cytoplasmic vesicles according to immunogold electron microscopy of mouse
cortical neurons and colocalization of HIP14 staining with that of the Golgispecific marker GM130 in NT2 cells and rat hippocampal neurons (Huang et al.,
2004; Singaraja et al., 2002). A study investigating the localization of all DHHC
proteins, by expressing human constructs in HEK293 cells, confirmed Golgi
localization for HIP14 and reported that HIP14L is detected in both the Golgi and
ER (Ohno et al., 2006).
Whether HIP14 is localized at the presynaptic bouton is controversial
because it has not been observed in an endogenous mammalian system.
Exogenous expression of human HIP14-GFP in rat hippocampal neurons was
localized to both the presynaptic terminals and the Golgi apparatus and, in D.
melanogaster, the HIP14 ortholog, dHIP14, was observed at the presynapse, in
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vesicles (Stowers and Isacoff, 2007) and at the PM (Ohyama et al., 2007).
Moreover, human HIP14 does not colocalize with the presynaptic marker,
synaptophysin, in rat hippocampal neurons (Huang et al., 2009).
1.5.2 Protein substrates for palmitoylation by HIP14
HIP14 palmitoylates a number of substrates (Table 1.4 and Figure 1.3). HIP14
appears to be predominantly a neuronal PAT and its confirmed substrates
include SNAP25, GAD65, HTT, STREX-BK potassium channel, GLUA1/2 AMPA
receptor subunits, and CLIP3, a modulator of AKT signaling (Fukata et al., 2004;
Greaves et al., 2010; Huang et al., 2009; 2004; Ren et al., 2013; Singaraja et al.,
2011; Tian et al., 2010).
Table 1.4: Reported palmitoylation substrates of HIP14.
Substrate
DnaJ heat shock protein 40 homolog; Cysteine string
protein (CSP)
65 kDa glutamate decarboxylase (GAD65)

Human Gene Symbol

Reference

DNAJC5

Greaves et al., 2008

GAD2

Synaptosomal-associated protein, 25kDa (SNAP25)

SNAP25

Large conductance calcium- and voltage-activated
potassium (STREX BK) channels
Synaptotagmin I
Growth associated 43 (GAP-43)
Chordin (short gastrulation, Sog, in D. melanogaster)
Glycoprotein M6A (GPM6A)
Sprouty-related, EVHI domain containing 1 (SPRED1)
Sprouty-related, EVHI domain containing 3 (SPRED3)
CAP-GLY domain containing linker protein 3 (CLIP3)

KCNMA1

Huang et al., 2004
Huang et al., 2009
Huang et al., 2009
Huang et al., 2009
Yanai et al., 2006
Huang et al., 2009
Huang et al., 2011
Fukata et al., 2004
Huang et al., 2004
Huang et al., 2009
Singaraja et al., 2011
Greaves et al. 2010
Fukata et al., 2004
Huang et al., 2004
Huang et al., 2009
Singaraja et al., 2011
Tian L. et al., 2010

SYT1
GAP43
CHRD
GPM6A
SPRED1
SPRED3
CLIP3

Huang et al., 2004
Huang et al., 2004
Kang et al., 2010
Butland et al., 2014
Butland et al., 2014
Butland et al., 2014
Ren et al., 2013

AMPA-selective glutamate receptor 1 (GluA1)
AMPA-selective glutamate receptor 2 (GluA2)
Huntingtin (HTT)

GRIA1
GRIA2
HTT

Lymphocyte-specific protein tyrosine kinase (LCK)
Postsynaptic density protein 95 (PSD95)

LCK
DLG4

Note: GAP-43, LCK, CHRD, GPM6A, SPRED1, SPRED3, or CLIP3 not shown in Figure 1.3
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PRE-SYNAPTIC CELL

GAD65

Palmitate

CSP

Synaptic vesicle
Synaptotagmin I
Neurotransmitter
SNAP25

AMPAR
Palmitate

BK channel
STREX

PSD95

NMDAR
HIP14

PolyQ tract

Huntingtin
POST-SYNAPTIC CELL
Golgi apparatus

Figure 1.3: Localization of HIP14 substrates at the synapse. HIP14
palmitoylates both pre- and postsynaptic proteins (palmitate is represented by
the short black bars). HIP14 substrates at the presynaptic bouton include the
GABA synthesizing enzyme, GAD65, STREX BK channel and synaptic vesicle
fusion machinery; cysteine string protein (CSP), synaptotagmin I and SNAP25.
Postsynaptic substrates of HIP14 include AMPA receptor subunits, GLUA1 and
GLUA2, HTT, STREX BK channel and PSD-95; a scaffold protein that clusters of
glutamate receptors in the postsynaptic membrane.
Notably, some potential HIP14 substrates have been identified in cellulo,
either by co-expression studies with HIP14 or in vitro reconstitution assays with
HIP14 and 3H-labeled palmitoyl-CoA, but have not been corroborated by HIP14
knockdown or knockout experiments. These include the tyrosine kinase, Lck,
synaptotagmin I and CSP, a chaperone protein involved in exocytosis (Fukata et
al., 2004; Greaves et al., 2008; Huang et al., 2004). CSP is palmitoylated in
HEK293 cells expressing HIP14 and in D. melanogaster loss of CSP
palmitoylation and mislocalization is observed when mutants of dHIP14 are
expressed; assessment of complete loss dHIP14 was not possible because it
was embryonic lethal (Ohyama et al., 2007; Stowers and Isacoff, 2007). The
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Sprouty-related, EVHI domain-containing proteins SPRED1 and SPRED3 and
glycoprotein M6A (GPM6A) were identified in a Yeast 2-hybrid (Y2H) screen for
HIP14 interactors and were confirmed to be substrates in cellulo in COS cells. In
fact, the HIP14 Y2H interactors were enriched for the cysteine-rich Sprouty
domain, potentially indicating that any of the seven human proteins containing
this domain could be substrates of HIP14 (Butland et al., 2014).
A number of HIP14 substrates remain controversial. While a number of
PATs have been reported for PSD-95 (ZDHHC2, 3, 7, 8 and 15) (Fukata et al.,
2004; Mukai et al., 2008), there exists some debate as to whether these include
HIP14. In vitro reconstitution palmitoylation assays with purified HIP14 and PSD95 and 3H-labeled palmitoyl-CoA demonstrate that HIP14 is capable of
palmitoylating PSD-95 (Huang et al., 2004). However, in 3H-palmitate metabolic
labeling of HEK293 and COS cells, expressing PSD-95 with all 23 PATs, HIP14
did not increase palmitoylation of PSD-95 (Fukata et al., 2004). It seems likely
HIP14 is a PAT for PSD-95 because lentiviral shRNA-mediated knockdown of
HIP14 reduced palmitoylation of PSD-95 in rat cortical neurons and COS cells
(Huang et al., 2009; 2004). Similarly, GAP-43 was identified as a HIP14
substrate in in vitro reconstitution palmitoylation assays by Huang et al., but not
in coexpression studies in HEK293 cells from Fukata et al (Fukata et al., 2004;
Huang et al., 2004). These discrepancies may reflect the fact that HIP14 may not
act as a PAT for PSD-95 or GAP-43 in all physiological contexts, particularly
given the redundancy of PATs for these substrates. It also remains contentious
whether the BMP (bone morphogenic protein) antagonist, Sog (short
gastrulation; D. melanogaster homologue of mammalian chordin), is a substrate
of dHIP14 because in the Myc western blot showing Sog palmitoylation, it is
difficult to discern the Sog specific band (Kang and Bier, 2010). To definitively
confirm Sog as a substrate of dHIP14, a direct effect of dHIP14 on Sog
palmitoylation would need to be shown, for example by assessing Sog
palmitoylation upon knockdown or overexpression of dHIP14.
A number of studies have reported on substrates that are not
palmitoylated by HIP14; these include paralemmin and synaptotagmin VII
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(Huang et al., 2004), the γ-2 subunit of the GABAA receptor (GABAAR γ2) (Fang
et al., 2006), and Gαs (Fukata et al., 2004).
HIP14 and HIP14L are the two major PATs for HTT. ABE palmitoylation
assays on COS cell lysates co-transfected with HTT and all 23 individual PATs
revealed that HIP14 and HIP14L are the only two PATs that significantly increase
HTT palmitoylation (Huang et al., 2009; 2011). In order to confirm that HTT is
exclusively palmitoylated by HIP14 and HIP14L it would be important to
determine if loss of PAT activity of both HIP14 and HIP14L leads to abrogation of
HTT palmitoylation.
1.5.3 Protein substrates for palmitoylation by HIP14L
HTT is not the only known substrate of HIP14L, there are 6 other confirmed
HIP14L substrates (Table 1.5) (Huang et al., 2009; 2011). HIP14L is a confirmed
PAT for IgG kappa light chain and MT1-MMP (Saleem et al., 2010; Song et al.,
2014). HIP14L was shown to be a PAT for a number of substrates in cellulo by
co-expression studies, namely GAD65 and GP78, although not the primary PAT
for either (Fairbank et al., 2012; Huang et al., 2009). Interestingly, HIP14L was
shown to be a PAT for SNAP25 in vivo despite it not having very high activity
against it in cellulo (Sutton et al., 2013). CLIPR-59 was shown to be a HIP14L
substrate as well as a HIP14 substrate (Ren et al., 2013). The authors claim that
HIP14 is a better substrate as HIP14 palmitoylated it in a dose dependent
manner whereas HIP14L only palmitoylated it at high doses and HIP14 had a
stronger interaction with it. However, the autopalmitoylation of HIP14 was much
higher even at lower doses of HIP14 indicating that HIP14 has a much higher
basal activity level, which could explain the lack of palmitoylation of CLIPR-59 by
HIP14L at lower doses. Also in the coimmunoprecipitation experiments showing
that HIP14 interacted a lot more with CLIPR-59 than HIP14L, HIP14L expression
is much lower than that of HIP14 making it hard to make these kinds of
conclusions (Ren et al., 2013).
HIP14L does not palmitoylate PSD-95, GLUA1, GLUA2, synaptotagmin
VII, paralemmin I, and GABAARγ2 in cellulo (Huang et al., 2009).
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Table 1.5: Reported palmitoylation substrates of HIP14L.
Substrate
65 kDa glutamate decarboxylase (GAD65)
Huntingtin (HTT)
Synaptosomal-associated protein, 25kDa (SNAP25)
CAP-GLY domain containing linker protein 3 (CLIPR-59)
IgG kappa light chain
Autocrine motility factor receptor, E3 ubiquitin protein
ligase (GP78)
Matrix metallopeptidase 14 (MT1-MMP)

Human Gene Symbol

Reference

GAD2
HTT

AMFR

Huang et al., 2009
Huang et al., 2009
Huang et al., 2011
Sutton et al. 2013
Ren et al., 2013
Saleem et al., 2010
Fairbank et al., 2012

MMP14

Song et al., 2014

SNAP25
CLIP3

1.5.4 HIP14 and HIP14L are unique among PATs
HIP14 and HIP14L have identical domain structures with an ankyrin domain,
comprising seven N-terminal ankyrin repeats, followed by six predicted TMDs
with the signature catalytic DHHC-CR domain located between the fourth and
fifth TMDs (Figure 1.4). Both the ankyrin domain and the DHHC-CR domain are
predicted to reside on the cytoplasmic face of the membrane, allowing protein
recognition (via the ankyrin domain) and enzyme function (mediated via the
DHHC-CR domain) to occur on the same side of the membrane (Politis, 2005).
HIP14 and HIP14L are the only two PATs to contain ankyrin repeats, which are
tandemly repeated 30 to 34 amino acid sequences known to mediate proteinprotein interactions (Li et al., 2006a; Michaely et al., 2002) and thought to play a
role in substrate recognition (Huang et al., 2009). The presence of seven ankyrin
repeats was determined from the crystal structure of amino acids 51-288 of
human HIP14 (Gao et al., 2009) and by homology-modeling (Arnold et al., 2006)
of human and mouse HIP14L on this structure and on a segment of human
ankyrin protein (Michaely et al., 2002; Young et al., 2012). Prior to this, HIP14
and HIP14L have been depicted as having five ankyrin repeats. HIP14 appears
to bind the N-terminal region of HTT through its ankyrin domain and this
interaction is unimpaired by deletion of the DHHC-CR domain (deletion of amino
acids 440 to 487) (Huang et al., 2009; 2011). The interacting regions have been
mapped to amino acids 1 to 548 of HTT and amino acids 89 to 257 of HIP14
(Huang et al., 2009; 2011). Due to their shared domain structure, we expect the
interaction of HIP14L with HTT to be similar to that of HIP14.
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Figure 1.4: Schematic of HIP14 and HIP14L showing domain structure and
membrane topology. A) Protein domain structure: HIP14 and HIP14L contain
an ankyrin repeat domain (with 7 repeats), 6 transmembrane domains (TM1-6)
and a catalytic DHHC-CR domain (labeled DHHC) between TM4 and TM5.
HIP14L contains a DQHC motif within this domain. B) Membrane topology of
either HIP14 or HIP14L illustrates that the ankyrin domain and DHHC-CR domain
are located on the cytoplasmic surface.
1.5.5 HTT is a modulator of HIP14 function
A unique role for HTT in the function of HIP14 as a PAT has recently been
identified (Huang et al., 2011). In addition to its palmitoylation at Cys214,
wildtype HTT (wtHTT) appears to modulate the palmitoylation and activity of
HIP14 itself. Palmitoylation of HIP14 itself was reduced in the brains of mice
heterozygous for a targeted disruption of the endogenous HD gene (Htt+/-),
expressing half the endogenous levels of wtHTT (Nasir et al., 1995), and was
further reduced in mouse cortical neurons in which wtHTT expression was
knocked down by 95% via antisense oligonucleotides (ASO). Palmitoylation of
HIP14 substrates was enhanced in the presence of wtHTT but not mHTT in an in
vitro reconstituted palmitoylation assay with immunoprecipitated HTT, purified
HIP14 and SNAP25, and 3H-labeled palmitoyl-CoA. Palmitoylation still occurred
in the absence of HTT in the in vitro assay, but was two-fold lower. Reduced
expression of endogenous wtHTT resulted in reduced palmitoylation of HIP14
41

substrates in a dose-dependent manner (SNAP25 and GLUA1) when tested in
brains of Htt+/- mice and in mouse cortical neurons treated with ASOs targeting
HTT (Huang et al., 2011). Indeed, when wtHTT is overexpressed in the YAC18
mouse palmitoylation of the HIP14 substrate PSD-95 is increased which results
in increased PSD-95 clustering at synapses in MSNs (Parsons et al., 2013).
Although this was not shown to be a direct effect of increased HIP14 activity with
overexpression of HTT it would be interesting to investigate this further.
Thus, wtHTT, but not mHTT, appears to enhance the palmitoylation of
HIP14 itself as well as that of its substrates. In addition to serving as a
palmitoylation substrate of HIP14, HTT may mediate this function as an allosteric
activator of HIP14, influencing its three-dimensional structure and facilitating
access to substrates. Alternatively, HTT may serve as a scaffolding protein in
binding HIP14 substrates and bringing them in close proximity with HIP14 to
facilitate palmitoylation. Finally, HTT may facilitate trafficking of vesicles
containing HIP14 to sites where HIP14 is active (Huang et al., 2011).
The recent finding of a highly significant overlap between interactors of
HIP14 and interactors of HTT further implicates the HIP14-HTT complex in the
pathogenesis of HD (Butland et al., 2014). An Y2H screen for HIP14 interactors
identified 214 interactors, including HTT and HIP14 itself. There was no one
functional enrichment but the 214 interactors included proteins involved in
trafficking, channels and transporters, proteins involved in signal transduction,
translation, phosphorylation, ubiquitin-related and nuclear processes as well as
17 synaptic proteins. The surprising finding of this study was that 36 of the HIP14
interactors are also HTT interactors and seventeen of these are already
implicated in HD. This high degree of overlap suggests that HIP14 is critically
linked to HTT through its interactions and this warrants further investigation
(Butland et al., 2014). It will be interesting to know if these shared interactors are
substrates or regulators of HIP14 and to know how altered interaction with HIP14
and HTT may contribute to the pathogenesis of HD.
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1.5.6 Evolutionary divergence of HIP14 and HIP14L
HIP14 is the most highly conserved of all 23 mammalian PATs, implying a
particularly critical functional role throughout evolution. True homologs exist
across eukaryotes including mammals, birds, fish, insects, plants and fungi
(NCBI Homologene) (Sayers et al., 2011). The DHHC-CR domain of HIP14
shows striking conservation with the full 51 amino acids being identical from
human to chicken and only three amino acids differing in zebrafish (Figure 1.5).
While several PATs are more than 95% identical between human and mouse
sequences, HIP14 is unique in the high degree of sequence identity it maintains
in comparisons down to bony fishes. Human HIP14 full-length amino acid
sequence is 88% identical to that in zebrafish (Table 1.6) (Needleman and
Wunsch, 1970). This is 17% greater sequence identity than for ZDHHC9, the
next most conserved PAT associated with a neuropsychiatric disease process
and 10% greater than for ZDHHC7, which has not been linked to disease (Table
1.6). This high degree of sequence identity relative to the other PATs is
consistent in comparisons between human sequence and that of other organisms
not listed in Table 1.6.
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HIP14_human
HIP14_mouse
HIP14_chicken
HIP14_zebrafish

SIFCSTCLIRKPVRSKHCGVCNRCIAKFDHHCPWVGNCVGAGNHRYFMGYL
----------------------------DHHC----------------------------------------------DHHC------------------------------I-----A---------DHHC--------S---------************:***** *********************:**********

Consensus

---C--C---KP-R--HC--C--C----DHHC-WV-NCVG--N---F---R
I
I

HIP14L_human
HIP14L_mouse
HIP14L_chicken
HIP14L_zebrafish

RTFCTSCLIRKPLRSLHCHVCNCCVARYDQHCLWTGRCIGFGNHHYYIFFL
---------------------------FDQHCF------------H---------V------V--LL-D------DQHS--IAQ---V------LL--I-----MM---M-AN--FS------KQDHHSI-ING---AR--PFFVL-****::***:*: ** *: ***: *:* :*
*** ** :::**

Figure 1.5: Multi-species sequence alignment of vertebrate HIP14 and
HIP14L DHHC-CR domains. The HIP14 DHHC-CR domain is an exact match to
the PAT consensus sequence and is marked in grey. The 4 amino acid DHHC
motif is highlighted in orange. The 51-amino acid sequence in HIP14 is identical
in human, mouse and chicken and differs by only three amino acids in zebrafish.
Dashes mark amino acids that do not differ from the human sequence. Amino
acids that differ from human sequence are specified in the other species.
Asterisks mark residues that are identical within HIP14 or HIP14L; colons mark
conservative amino acid differences. HIP14L diverges from the DHHC motif
consensus with a Gln (Q in light yellow) in place of His (H) in the second position
in human, mouse and chicken and the 51-amino acid sequence varies much
more than that in HIP14. RefSeq identifiers for aligned HIP14 sequences:
human (NP_056151.2); mouse (NP_766142.2); cow (NP_001192998.1); chicken
(NP_001025916.1); zebrafish (NP_001121854.1). HIP14L sequences: human
(NP_061901.2); mouse (NP_082307.1); cow (NP_001193070.1); chicken
(NP_001026342.1); zebrafish (NP_001008650.1).
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Table 1.6: Sequence conservation of PATs.
Palmitoyl
acyltransferase*
HIP14 (ZDHHC17)
ZDHHC7
ZDHHC2
ZDHHC6
ZDHHC9
ZDHHC3
ZDHHC14
ZDHHC15
ZDHHC21
ZDHHC20
ZDHHC8
ZDHHC12
ZDHHC5
ZDHHC18
HIP14L (ZDHHC13)
ZDHHC16
ZDHHC22
ZDHHC23
ZDHHC4
ZDHHC24
ZDHHC1
ZDHHC11
ZDHHC19

Disease Relevance
human-mouse human-zebrafish
Huntington disease
99
88
95
78
95
74
93
74
X-linked Mental Retardation
98
71
97
69
95
67
X-linked Mental Retardation
98
66
98
64
88
62
Schizophrenia
92
56
Alzheimer disease
88
54
Learning and memory
98
50
93
50
Huntington disease
91
49
99
48
92
46
83
45
74
45
88
44
68
40
42
31
62
n.a.

* ZDHHC10 does not exist under current PAT nomenclature. Zebrafish does not
appear to have a gene encoding ZDHHC19 ("n.a."). Those PATs with no known
neuropsychiatric disease relevance are indicated with a "-."

HIP14 and HIP14L are more closely related to each other than to any of
the other 21 PATs (Fukata and Fukata, 2010). The HIP14 and HIP14L proteins
(632aa and 622aa, respectively, in humans) share 48% amino acid identity and
57% similarity (Singaraja et al., 2002). HIP14L is intriguing in that like HIP14, it
palmitoylates HTT (Huang et al., 2009; 2011) but it is far less conserved by all
measures: in stark contrast to the high degree of sequence conservation of
HIP14, human HIP14L full-length amino acid sequence is only 49% identical to
that in zebrafish (Table 1.5); NCBI Homologene shows HIP14L homologs only in
mammals, chicken and fish (while HIP14 is conserved down to yeast); and its
DHHC-CR domain sequence is less conserved than that of HIP14 (Figure 1.5).
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HIP14L is the only PAT to have a DQHC motif in place of the canonical
DHHC (Figure 1.5) (Greaves and Chamberlain, 2011; Mitchell et al., 2006). This
substitution of an amide amino acid, Gln, for the canonical His basic amino acid
occurs in human, mouse (Figure 1.5) and other mammals. While changes to the
DHHC motif often render a PAT inactive (Mitchell et al., 2006), catalytically active
variants of the DHHC motif do occur (e.g. DHYC in yeast Akr1). In yeast Erf2,
mutation of DHHC to DAHC (His to Ala) abolishes its PAT activity, however this
mutant is still able to form the palmitoylated Erf2 acyl-enzyme intermediate
(Lobo, 2002). The authors propose that this histidine may play a role in transfer
of palmitate from the PAT to its substrate. Palmitoylation of HTT by HIP14L has
been demonstrated in COS cells (Huang et al., 2009; 2011; Singaraja et al.,
2011) but the effect of the DHHC to DQHC change has not specifically been
assessed in the absence of other cellular factors. An in vitro reconstitution assay
of HTT palmitoylation by HIP14L will address the effect of DQHC on PAT activity
of HIP14L.
HIP14L appears to have diverged even further in the non-mammalian
vertebrates. The chicken and zebrafish HIP14L sequences both have serine in
place of the cysteine in the DHHC motif (DQHS and DHHS respectively). We
would hypothesize that these are not catalytically active, as mutagenesis of
DHHC to DHHS results in loss of palmitoylation activity of HIP14 (Ducker et al.,
2004) as well as ZDHHC2, 3, 7 and 15 (Fernandez-Hernando, 2006; Fukata et
al., 2004; Sharma et al., 2008). It is possible that HIP14L may have evolved to
serve a specialized function in mammals.
1.5.7 Other roles for HIP14 and HIP14L
While most studies have investigated the direct roles of HIP14 and HIP14L as
PATs, other roles for these proteins have been revealed by studies that were not
specifically motivated by questions about palmitoylation. Both HIP14 and HIP14L
have been proposed to act as Mg2+ transporters (Goytain et al., 2008) in a study
in which HIP14 and HIP14L facilitated Mg2+ uptake when expressed in Xenopus
laevis oocytes. While treatment with 2-Bromopalmitate and deletion of the HIP14
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catalytic DHHC-CR domain resulted in reduced Mg2+ transport, the authors did
not directly assess palmitoylation by HIP14. It is unclear therefore whether HIP14
and HIP14L mediate Mg2+ transport directly or via critical palmitoylation of
another protein. The same group has since reported that ZDHHC3 mediates
Ca2+ transport, but the role of these PATs in ion transport in a physiologically
relevant system remains to be demonstrated (Hines et al., 2010). While the
effects of the PATs on Ca2+ and Mg2+ transport appears not to be a direct effect
of palmitoylation, Ca2+ homeostasis in the cell has clear implications for
neuropsychiatric disease.
HIP14 has been functionally linked to Type 1 diabetes (T1D) in a
“phenome-interactome analysis” of the genes contained in 11 published genomewide T1D linkage regions. HIP14 was prioritized as a candidate based on the
association of its in silico protein-protein interaction network with genes that were
already implicated in T1D: in this case, HTT and GAD65. HIP14 was protective
against apoptosis of insulin secreting beta cells of the pancreas and promoted
glucose-stimulated insulin secretion (Berchtold et al., 2011). An association of
HIP14 with T1D is not as surprising when considering T1D as an autoimmune
disease. The immune synapse is a functional analog of the neuronal synapse
with palmitoylation influencing the localization of proteins to lipid rafts and
mediating key signaling pathways (Khan, 2001; Ladygina et al., 2011). HIP14
was also shown to be a PAT for CLIPR-59, which modulates AKT signaling and
subsequent insulin-dependent glucose transporter type 4 (GLUT4) membrane
translocation. GLUT4 mediates insulin-induced glucose disposal from the
circulation. Palmitoylation of CLIPR-59 is required for its translocation to the
membrane and lipid raft and for it to promote AKT PM association. HIP14 was
also required for PM association of GLUT4, although the authors did not show
that this was specifically mediated by CLIPR-59 palmitoylation and not also by
palmitoylation of GLUT4 or AKT directly (Ren et al., 2013)
Independent lines of evidence have demonstrated a role for HIP14 in
mitogen-associated protein (MAP) kinase signaling, which transduces a variety of
extracellular signals like neurotrophic factors, cytokines, growth factors and
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extracellular stresses to regulate many fundamental processes like apoptosis,
cell proliferation and differentiation. In a large-scale characterization of the
human MAP kinase interactome, HIP14 was identified as part of a functional
interaction module that is not conserved in yeast, implying evolution of new roles
of HIP14 (Bandyopadhyay et al., 2010). HIP14 interacts with and activates a
neuronal-specific form of c-Jun N-terminal kinase, JNK3 (also known as
MAPK10), as well as its upstream activator MKK7 (Map kinase kinase;
MAP2K7), but does not activate the other three distinctly regulated MAP kinases
p38, ERK2 or ERK5. Activation of JNK3 is independent of HIP14’s PAT activity
and could be blocked by a peptide specific to HIP14 ankyrin repeat-3 (Figure 1.4)
(Harada et al., 2003; Yang and Cynader, 2011). In a transient ischemic stroke rat
model the HIP14-JNK3 interaction was increased following ischemic insult. This
was blocked by treatment with the above peptide before or after insult, reducing
the infarct size by 80%. In contrast, HIP14L interacted with but did not activate
MKK7 or JNK3 (Yang and Cynader, 2011).
A recent paper suggested that in Zebrafish the HIP14L regulates germ
layer specification independent of its PAT function (Chen et al., 2014). HIP14L
binds to and negatively regulates Smad6 thereby supporting BMP signaling and
cell specification. The authors propose that it does this by increasing Smad6
ubiquitination and degradation (Chen et al., 2014).
While the role of HIP14 and HIP14L as PATs is well established, the
studies summarized here have implicated them in other processes whose
potential impact on the pathogenesis of neuropsychiatric disorders warrants
further investigation.
1.6

ROLES FOR HIP14 AND HIP14L IN VIVO

A very useful means of determining the role of various proteins in disease is to
study these in vivo through the use of mouse models. Because HIP14 and
HIP14L are major PATs for HTT, and because HTT palmitoylation is thought to
be protective, we predicted that Hip14 and/or Hip14l null mice may recapitulate
some of the phenotypes observed in human HD patients and/or mouse models of
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HD. In order to better understand the role that HIP14 plays in vivo, we generated
mice deficient for Hip14 (Hip14-/-) or for Hip14l (Hip14l-/-) and assessed the
resultant phenotypes (Singaraja et al., 2011; Sutton et al., 2013).
1.6.1

Mice lacking Hip14 bear a resemblance to mouse models of HD

Hip14-/- mice were generated from a gene-trapped ES cell line on the wild type
FVB/N background strain. Although gross appearance and survival appeared
normal, reduced body weight was apparent as early as three months. Magnetic
resonance imaging assessment of the brains of Hip14-/- mice revealed a
predominant striatal volume reduction. Neuropathological assessment by
stereology revealed a reduction in striatal volume and striatal neuron counts of
approximately 17% appearing between embryonic days 14.5 and 17.5 and
present up to 12 months. Similarly, reduced brain weight was observed by one
month of age (Singaraja et al., 2011). Neurochemical assessment of the striatum
revealed significant decreases in both dopamine- and cAMP-regulated neuronal
phosphoproteins (DARPP-32; marking all MSNs) and enkephalin (marking
dopamine D2 receptor-containing MSNs) expression, while substance P
(marking dopamine D1 receptor-containing MSNs) content was normal
(Singaraja et al., 2011). This pattern is highly reminiscent of HD patients wherein
glutamate decarboxylase (GAD; marking all MSNs) and enkephalin are both
significantly reduced even in patients with mild pathology, while substance P is
reduced only later with advanced disease (Deng et al., 2004).
Assessing behavior of the Hip14-/- mice revealed deficits similar to those
observed in the YAC128 (Table 1.7) (Van Raamsdonk, 2005a). Hip14-/- mice
displayed deficits in motor coordination and balance, as indicated by a shorter
latency to fall in both accelerating and fixed speed rotorod, as early as three
months of age. Mice were found to be hyperactive in spontaneous activity
measures, a finding concordant with observations in young YAC128 mice
(Singaraja et al., 2011; Slow, 2003). Finally, assessment of sensorimotor gating,
which is partially controlled through the cortico-striatal circuit (Graybiel, 2000)
revealed significant deficits in PPI in Hip14-/- mice at 12 months (Singaraja et al.,
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2011), similar to observations in YAC128 mice (Van Raamsdonk, 2005b) and in
HD patients (Swerdlow et al., 1995). Taken together, these data indicate that
Hip14-/- mice display HD-like behavioral deficits (Singaraja et al., 2011).
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Table 1.7: Similarities and differences between YAC128, Hip14-/-, and Hip14l-/- mouse models.
Brain weight

Striatal volume
Striatal neuronal count
DARPP-32 and
Enkephalin staining
Other brain regions
affected
Motor function

Cognitive function
Palmitoylation

YAC128
5% decrease at 9 months (Slow et al. 2003)
3% decrease in volume at 3 months by MRI (Carroll et al.
2011)
5% decrease at 3 months (Carroll et al. 2011)
15% decrease at 12 months (Slow et al. 2003)
Decrease at 12 months in DARPP-32 (Van Raamsdonk et
al. 2005)
Decrease in volume of cortex, thalamus, globus pallidus,
corpus callosum, hippocampus unchanged (Carroll et al.
2011)
Accelerating and fixed rotarod deficits from 6 months.
Climbing deficits at 7 months (Southwell et al. 2009).
Hyperactivity at 3 months followed by hypoactivity at 6
month (Slow et al. 2003)
Impaired motor learning (Van Raamsdonk et al. 2005).
Decrease in HIP14, HTT and GLT-1 palmitoylation
(Singaraja et al. 2011; Yanai et al. 2006; Huang et al.
2010)

Hip14-/- (Singaraja et al. 2011)
8% decrease at 1 month

Hip14l-/- (Sutton et al. 2013)
5% decrease at 3 months

17% decrease at E17.5 and later ages
17% decrease at 1 month
17% decrease at later ages
Decrease at 1 month in DARPP-32 and
enkephalin, substance P unchanged
Decrease in volume of cortex, thalamus,
globus pallidus, corpus callosum,
cerebellum, hippocampus
Accelerating and fixed rotarod deficits.
Hyperactive at 3 month

5% decrease at 3 months
16% decrease at 6 months

Normal motor learning (Young,
unpublished)
Decrease in PSD-95 and SNAP25
palmitoylation

Decrease at 6 months in DARPP-32 and
enkephalin, substance P unchanged
Decrease in volume of cortex, thalamus,
globus pallidus, corpus callosum,
cerebellum, hippocampus unchanged
No accelerating rotarod deficits. Climbing
deficits at 2 months. Hypoactive from 3
months
Impaired motor learning
Decrease in SNAP25, not PSD95,
palmitoylation

51

Features of HD in Hip14-/- mice could result from reduced or lost
palmitoylation of key neuronal HIP14 substrates. However, despite the previous
observation that polyglutamine expanded HTT displays reduced palmitoylation
and mis-localization (Yanai et al., 2006), HTT palmitoylation was not altered in
Hip14-/- mice (Singaraja et al., 2011). It is possible that loss of HIP14 activity in
Hip14-/- mice may be compensated by other PATs that also are able to
palmitoylate HTT, likely HIP14L as it robustly palmitoylates HTT in cellulo.
Overlaps in PAT-substrate specificity as have been previously documented
(Greaves and Chamberlain, 2011; Huang et al., 2009). Thus, HIP14L may
compensate for the loss of HIP14-mediated palmitoylation of HTT, but not of all
HIP14 substrates. Palmitoylation of two known HIP14 substrates, SNAP25 and
PSD-95, was assessed in Hip14-/- brains, and was found to be decreased in the
absence of HIP14 (Singaraja et al., 2011).
Striatal electrophysiological characterization of the Hip14-/- mice provides
further evidence for a role for HIP14 in the pathogenesis of HD. The MSNs of
Hip14-/- mice are less excitable with fewer action potentials at rheobase – the
minimum current required to evoke an action potential – have decreased cell
surface membrane area indicated by decreased membrane capacitance, have
fewer excitatory synapses indicated by decreased spontaneous excitatory
postsynaptic currents (sEPSC) and decreased evoked EPSC amplitude
(eEPSC), and have lower probability of release in the remaining synapses
indicated by increased paired pulse facilitation (Milnerwood et al., 2013). These
MSN cellular and synaptic changes are similar to those in late-stage HD mouse
models (Milnerwood et al., 2013; Raymond et al., 2011). The Hip14-/- mice also
display severely impaired hippocampal LTP, completely absent without strong
induction paradigms, whereas in HD models LTP is impaired early on but not
absent (Milnerwood et al., 2013). Hip14-/- mice also exhibit motor inflexibility in
the plus maze where they are less likely to turn and explore the perpendicular
arm of a plus maze, something that occurs in HD mouse models as well
(Estrada-Sánchez et al., 2013). When striatal neuronal activity is recorded while
the mice explored the plus-maze, abnormal patterns of activity were observed at
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the choice point. Increased firing rate and bursting activity was observed which
might impact behaviors such as turning at the choice point. Neurons also tended
to fire in a non-correlated way, which may also be affecting the decision-making
at the choice point. Similar alterations are present in the R6/2 HD mouse model,
namely increased firing rate and reduced correlated firing activity (EstradaSánchez et al., 2013).
In the study determining how the palmitoyl proteome is altered in YAC128
mice by stable isotope labeling of mammals and ABE MS, the authors did the
same analysis in Hip14-/- brain. 19 proteins have been shown to have a greater
than 10% decrease of palmitoylation in Hip14-/- brain. The palmitoyl proteomes in
the YAC128 brain was compared to that in the Hip14 deficient mice. Overall the
two palmitoyl proteomes unexpectedly were not well correlated. Some proteins
did show similar changes in levels of palmitoylation in the two mouse models but
many did not. However, all proteins in this study that were examined further had
a similar level of decrease in expression as with palmitoylation and,
unfortunately, there was no way to differentiate in the MS experiment between
true changes in palmitoylation and changes in the expression of palmitoylated
proteins (Wan et al., 2013). It would be interesting to see what degree of overlap
there is between the two palmitoyl proteomes of the two mouse models after
correcting for protein expression levels. Regardless, it may be those proteins that
show changes in the same direction that really contribute to the similarities in
disease phenotypes (Wan et al., 2013).
Together, these observations reveal a phenotype in the Hip14-/- mice that
resembles that observed in mouse models of HD and in human HD patients. As
HIP14 isolated from the brains of YAC128 mice displays impaired palmitoylation
activity toward itself and HIP14 substrates (Singaraja et al., 2011), this suggests
that HD may be, in part, a disease of altered palmitoylation.
1.6.2 Mice lacking Hip14l bear a resemblance to mouse models of HD
Hip14l-/- mice were generated from a gene-trapped ES cell line on the wild type
FVB/N background strain. Hip14l-/- mice display reduced hair growth and
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alopecia around the eyes with reduced hair follicle density at post-natal day 7.
Although survival appeared normal, Hip14l-/- mice displayed a progressive
reduction in body weight, especially apparent at 12 months of age (Sutton et al.,
2013). This is in contrast to the more dramatic reduction in body weight from
three months in the Hip14-/- mice and the increased body weight in the full-length
transgenic HD mouse models but is more similar to the reduced body weight
observed in HD patients (Gray et al., 2008; Singaraja et al., 2011; Van
Raamsdonk et al., 2006).
Neuropathological assessment by stereology revealed a progressive
reduction in brain weight from three to 12 months of age in Hip14l-/- mice (Table
1.7; 4.8% to 9.1%). A non-progressive 6% reduction in cerebellar volume was
observed from three months of age that was not observed at one month of age.
A progressive loss of striatal and cortical volume was also observed in the
Hip14l-/- mice from three to 12 months (5.7% to 9.8% in the striatum and 8.4% to
8.3% in the cortex) that were not observed at one month old. These
neuropathological phenotypes are more like the progressive late onset volume
losses in the cortex and striatum in the YAC128 HD mice than the nonprogressive, developmental loss of striatal and cortical volume in the Hip14-/mice (Table 1.7) (Carroll et al., 2011; Singaraja et al., 2011; Van Raamsdonk,
2005a). Neurochemical assessment of the striatum revealed significant
decreases in both DARPP-32 (marking all MSNs) and enkephalin (marking
dopamine D2 receptor-containing MSNs) expression, while substance P
(marking dopamine D1 receptor-containing MSNs) content was normal (Sutton et
al., 2013). This pattern is highly reminiscent of the Hip14-/- mice and HD patients
wherein glutamate decarboxylase (GAD; marking all MSNs) and enkephalin are
both significantly reduced even in patients with mild pathology, while substance P
is reduced only later with advanced disease (Deng et al., 2004). Reduced volume
of the globus pallidus at six months, of the thalamus at three and six months, and
of the corpus callosum was also observed in the Hip14l-/- mice. The hippocampus
was unchanged (Sutton et al., 2013). Again, this is more similar to the changes in
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the brain of YAC128 mice than to those in the Hip14-/- mice (Table 1.7) (Carroll et
al., 2011; Singaraja et al., 2011).
Assessing behavior of the Hip14l-/- mice revealed deficits similar to those
observed in the YAC128 (Table 1.7) (Van Raamsdonk, 2005a). Hip14l-/- mice
displayed deficits in motor learning as indicated by a shorter latency to fall on the
fixed speed rotorod at three months of age and in motor coordination as
indicated by reduced number of spontaneous climbing events in the climbing
apparatus at two months of age (Sutton et al., 2013). Motor learning and motor
coordination deficits are present in both the YAC128 and the Hip14l-/- mice
(Singaraja et al., 2011; Van Raamsdonk, 2005a). Mice were found to be
hypoactive in spontaneous activity measures, a finding concordant with
observations in old YAC128 mice but different than the hyperactivity in the Hip14/-

mice (Singaraja et al., 2011; Slow, 2003; Sutton et al., 2013). Taken together,

these data indicate that Hip14l-/- mice display HD-like behavioral deficits (Sutton
et al., 2013).
Features of HD in Hip14l-/- mice could result from reduced or lost
palmitoylation of key neuronal HIP14L substrates. However, despite the previous
observation that polyglutamine expanded HTT displays reduced palmitoylation
and mis-localization (Yanai et al., 2006), HTT palmitoylation was not altered in
Hip14l-/- mice, as was the case in the Hip14-/- mice (Singaraja et al., 2011; Sutton
et al., 2013). It is possible that HIP14 and HIP14L compensate for loss of each
other for palmitoylation of HTT and some but not all substrates. Overlaps in PATsubstrate specificity as have been previously documented (Greaves and
Chamberlain, 2011; Huang et al., 2009). Determining the substrate profiles for
the two enzymes and how they overlap would provide an explanation for the
similarities and differences between these two mouse models (Table 1.7).
1.6.3 Peripheral deficits in HIP14L mutant mice
A recent study described the phenotype of Hip14l mutant mice generated in an
N-ethyl-N-nitrosurea mutagenesis screen (Saleem et al., 2010). A loss-offunction point mutation was introduced in exon-12 of Hip14l gene, leading to a
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truncation of the enzyme just prior to the catalytic domain (Hip14lR425X). The
mouse developed a severe phenotype including failure to thrive, impaired
survival, skin and hair abnormalities, osteoporosis, and generalized amyloid
deposition in the entire dermis as well as most other organs examined (Saleem
et al., 2010). The authors report that Hip14l deficient mice, generated using a
gene trap strategy on a mixed 129/B6 genetic background (the same gene trap
strategy used to generate the Hip14l-/- mice described above), exhibit “similar
phenotypes” to Hip14lR425X but, aside from histological abnormalities in the skin,
data are not shown. Indeed, none of these severe phenotypes were observed in
the Hip14l-/- mice described above on the FVB/N strain, which may explain the
differences (Sutton et al., 2013). Another possibility is that the Hip14lR425X
mutation is acting in a dominant-negative manner rather than loss of function,
which leads to a more severe phenotype. This mutation leads to a truncated
protein that includes the ankyrin-repeat domain and the first four TMDs but does
not include the DHHC catalytic domain (Saleem et al., 2010). This mutation may
bind substrates and sequester them, preventing them from being palmitoylated
by other PATs (Sutton et al., 2013).
The same group later reported that the Hip14lR425X mice have growth deficits
and aberrant bone mass acquisition including delayed secondary ossification
center formation and disorganized growth plate structure and osteoporosis as
well as reduced bone mineral density. They suggest this is due to loss of
palmitoylation of MT1-MMP as mice deficient in this gene have a similar
phenotype and the Hip14lR425X mice have reduced palmitoylation of MT1-MMP.
They suggest that HIP14L is a modulator of bone homeostasis (Song et al.,
2014).
1.7

THESIS OBJECTIVE AND HYPOTHESIS

The primary goal of this thesis was to determine the role of palmitoylation in the
pathogenesis of HD and provide further validation of palmitoylation as a potential
drug target. The strongest pieces of evidence for a role of palmitoylation in HD
came from the phenotypes of the Hip14-/- and Hip14l-/- mouse models both of
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which have HD-like phenotypes resembling those of the YAC128 mouse model
of HD (Table 1.7) (Singaraja et al., 2011; Sutton et al., 2013). The evidence that
wtHTT acts as a modulator of HIP14 activity, that the relationship between these
two proteins goes beyond that of just a substrate-enzyme, also suggests that
disturbing this relationship will have negative consequences (Huang et al., 2011).
The overall hypothesis of this thesis is that disturbed HIP14-HTT and HIP14LHTT interaction in the presence of the HD mutation reduces HIP14 function
leading to the under-palmitoylation and mislocalization of HTT and key HIP14
substrates. The work in this thesis goes towards the goal of determining the role
of palmitoylation in the pathogenesis of HD thus the objectives were the
following:
1. Determine the interaction domain of HTT and HIP14 and HIP14L
2. Determine the effect of loss of Hip14 and Hip14l in vivo and on HTT
palmitoylation
3. Determine palmitoylation levels of synaptic proteins in HD mouse models
4. Determine the role of loss of Hip14 in the adult animal
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2 IDENTIFICATION OF BINDING SITES IN HUNTINGTIN
FOR THE HUNTINGTIN INTERACTING PROTEINS
HIP14 AND HIP14L2
2.1

INTRODUCTION

HD is an autosomal dominant neurodegenerative disease characterized by
motor, cognitive, and psychiatric dysfunction with onset in mid-life and death
following, on average, 20 years later (Roos, 2010; Sturrock and Leavitt, 2010).
The striatum is the brain region to first undergo neurodegeneration with more
widespread pathology occurring at later stages of the disease (Roos, 2010;
Sturrock and Leavitt, 2010). HD is caused by a CAG expansion in exon 1 of the
HTT gene that results in a poly-Q expansion in the HTT protein (NP_002102)
(Group, 1993).
One approach that has been taken to determine the functions of the HTT
protein and to understand the pathogenesis of HD is to identify and characterize
HTT interacting proteins and to determine how these interactions are altered in
the presence of the HD mutation. HIP14 (NP_056151) was first identified as a
HTT interactor in a yeast 2-hybrid screen. HIP14 was further shown to interact
with HTT in mammalian systems and to interact less with mHTT (Kalchman et
al., 1996; Singaraja et al., 2002). The HIP14 homolog HIP14L (NP_061901) was
first identified based on its high amino acid sequence similarity to HIP14 and was
later shown to also be a bona fide HTT interactor that also interacts less with
mHTT (Singaraja et al., 2002; Sutton et al., 2013).
HIP14 and HIP14L both belong to the 23 member family of DHHC (AspHis-His-Cys) cysteine-rich (DHHC-CR) domain-containing palmitoyl
acyltransferases (PATs) (Huang et al., 2004; Ohno et al., 2006). DHHC-CR PATs
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This chapter has been published in PLoS ONE. Sanders, S.S., Mui, K.K.N.,
Sutton, L.M., and Hayden, M.R. (2014). Identification of binding sites in
Huntingtin for the Huntingtin Interacting Proteins HIP14 and HIP14L. PLoS ONE
9, e90669. All cloning, experimental design, and data analysis by SSS.
58

are a family of enzymes that mediate post-translational S-acylation of proteins,
involving the addition of long chain fatty acids to proteins at cysteine residues via
a thioester bond. S-acylation is commonly referred to as palmitoylation because
palmitate is the most common long chain fatty acid in the cell (Hallak et al., 1994;
Smotrys and Linder, 2004). Many proteins, including HTT, are dynamically
palmitoylated and palmitoylation modulates membrane localization, function,
protein-protein interactions, and other PTMs of palmitoyl-proteins (Young et al.,
2012). HIP14 and HIP14L are unique among the DHHC-CR PATs as they are
the only two that have six TMDs and seven ankyrin repeats (Figure 1B and C).
The ankyrin repeat domain is believed to mediate the interaction between HIP14
and HTT (Huang et al., 2011; Young et al., 2012).
HIP14 and HIP14L are not only HTT interactors but they are also the
primary PATs for HTT (Huang et al., 2011). These PATs show reduced
interaction and palmitoylation of mHTT leading to increased mHTT inclusion
formation and toxicity (Yanai et al., 2006). Interestingly, both the Hip14- and
Hip14l-deficient mouse models recapitulate many HD-like phenotypes suggesting
that both proteins may play a role in the pathogenesis of HD (Singaraja et al.,
2011; Sutton et al., 2013). Indeed, HIP14 has been shown to be dysfunctional in
the presence of the HD mutation or upon loss of wild type HTT, making it unable
to effectively palmitoylate its substrates SNAP25 and GLUA1 (Huang et al.,
2011; Singaraja et al., 2011). These data suggest that the interaction between
HIP14 and HTT goes beyond that of only a enzyme-substrate interaction and that
HTT is essential for the full enzymatic activity of HIP14 (Huang et al., 2011;
Singaraja et al., 2011). HIP14L is structurally very similar to HIP14, containing all
the same domains in the same orientation; thus it is possible that HTT also
modulates the function of HIP14L.
It is important to further understand and characterize the interactions of
HTT with HIP14 and HIP14L to guide future efforts to target and enhance this
interaction to increase enzyme activity and remediate palmitoylation of HTT and
their substrates. It is important to know if HIP14 and HIP14L interact with the
same domain of HTT and, if so, if they compete for binding. A shared binding site
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would provide further support for the hypothesis that these two PATs are able to
compensate for each other in palmitoylating HTT and that HTT may also
modulate the activity of HIP14L. If they were to compete for binding, this would
need to be taken into consideration when taking efforts to increase the interaction
between HTT and one PAT or the other at the risk of decreasing the interaction
with the other PAT. HIP14 has been previously shown to interact with HTT amino
acids 1-548 (HTT 1-548) (Huang et al., 2011). Here, amino (N)- and carboxy (C)terminal deletions of HTT 1-548 were generated and their interaction with HIP14
and HIP14L was assessed to determine the location of the binding site.
2.2

MATERIALS AND METHODS

2.2.1 Plasmids and cloning
The generation of HIP14-GFP (NM_015336) and HIP14L-GFP (NM_001001483),
15Q and 128Q HTT 1-548 (15Q and 128Q 1955; NM_002111), and HTT 1-427
(1597) and HTT 1-224 (989) was described previously (Hackam et al., 1998;
Huang et al., 2004; Sutton et al., 2013; Wellington et al., 1998). The C-terminal
deletion mutants were generated by PCR cloning using the indicated primers in
Table 2.1. The primers (Integrated DNA technologies) had EcoRI and NotI
restriction enzyme sites added on the 5’ and 3’ sides of the PCR product
respectively and the forward primers also had a start codon added. This allowed
the PCR products to be digested and ligated into the EcoRI and NotI sites of pCIneo (enzymes from New England Biolabs; pCI-neo from Promega). 15Q HTT 1548Δ257-315 was generated by insertion of a HTT gBlock gene fragment into the
BlpI and Bsu36I restriction enzyme sites following digestion with the same
enzymes such that amino acids 257-315 were deleted. All clones were confirmed
by sequencing.
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Table 2.1: Cloning primers used to generate the HTT 1-548 N-terminal
deletion mutants.
Primer name

Sequence

HTT N-term reverse

tcccatctgaccctgccatgtgagcggccgctactgctatg

HTT 427-548 forward

tcgtacttatgaattcatgggagggggttcctcatgcag

HTT 224-548 forward

tcgtacttatgaattcatgtcagtccaggagaccttggc

HTT 151-548 forward

tcgtacttatgaattcatgtgcctcaacaaagttatcaa

HTT 88-548 forward

tcgtacttatgaattcatgcgaccaaagaaagaactttc

*Restriction enzyme sites are in italics (EcoRI in forward primers and NotI
in the reverse), the start and stop codons are in bold, and the primer
binding sequence is underlined
2.2.2 Antibodies
The primary antibodies used were GFP goat polyclonal antibody (sc-5385, Santa
Cruz Biotechnology, 1:50 for immunoprecipitation), HTT mouse monoclonal
antibody (MAB2166, Millipore, 1:1000 for immunoblotting), HTT mouse
monoclonal antibody (in-house BKP1, 1:100 for immunoblotting), and GFP rabbit
polyclonal antibody (EU2, Eusera, 1:10000 for immunoblotting). Fluorescently
conjugated secondary antibodies for immunoblotting used were Alexa Fluor 680
goat anti-Rabbit (A21076, Molecular Probes, 1:10000) and IRDye 800CW goat
anti-Mouse (610-131-121, Rockland, 1: 2500).
2.2.3 Cell culture and transfection
Cells were cultured in DMEM with 10% fetal bovine serum,
penicillin/streptomycin (1000 Units/mL Penicillin and 1000 ug/mL streptomycin),
and 2 mM L-glutamine at 37°C in 5% CO2 (Gibco). Constructs were transiently
transfected in COS-7 cells (ATCC) with X-tremeGENE 9 DNA transfection
reagent (Roche) according to the manufacturer’s instructions. Cells were
harvested after 24 h for co-immunoprecipitation experiments described below.
2.2.4 Cell lysis and co-immunoprecipitations
Cells were homogenized on ice for 5 min in one volume 1% SDS TEEN [TEEN: 1
M Tris pH 7.5, 0.5 M EDTA, 0.5 M EGTA, 3 M NaCl, 1 mM Complete protease
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inhibitor cocktail (Roche), 1 mM sodium vanadate, 1 mM phenylmethylsulfonyl
fluoride and 5 µM zVAD-FMK] and subsequently diluted in four volumes 1%
TritonX-100 TEEN for 5 min for further homogenization. Samples were sonicated
at one time at 20% power for 5 seconds to shear DNA and the insoluble material
was removed by centrifugation at 14000 revolutions per minute for 15 min.
Samples were immunoprecipitated overnight with Dynabeads® Protein G
(Invitrogen) and antibody.
2.2.5 Western blotting analysis
Proteins in both the cell lysates and immunoprecipitates were heated at 70°C in 1
x NuPAGE LDS sample buffer (Invitrogen) with 10 mM DTT before separation by
SDS-PAGE. After transfer of the proteins onto nitrocellulose membrane,
immunoblots were blocked in 5% milk TBS (TBS: 50 mM Tris pH 7.5, 150 mM
NaCl). Primary antibody dilutions of HTT mouse monoclonal antibody and GFP
rabbit polyclonal antibody in 5%BSA PBST (Bovine Serum Albumin, Phosphate
Buffered Saline with 5% Tween-20) were applied to the immunoblots at 4°C
overnight. Corresponding secondary antibodies were applied in 5% BSA PBST
for an hour. Fluorescence was scanned and quantified with Odyssey Infrared
Imaging system (Li-COR Bioscience) and quantified using the Li-COR software.
All error bars are standard error of mean.
2.3

RESULTS

2.3.1 Deletion of HTT amino acids 224-548 abolishes the interaction of HTT
with HIP14 and HIP14L
HIP14 was previously shown to interact with HTT 1-548 (Singaraja et al., 2002).
The domain organization of HTT 1-548 15Q and 128Q is shown in Figure 2.1.A
with the poly-Q, the proline rich region, and the H1 alpha-rod domain indicated
(Palidwor et al., 2009). HIP14 was previously shown in a yeast 2-hybrid
experiment to have reduced interaction with HTT 1-427 compared to its
interaction with HTT 1-548 and no interaction with HTT 1-224, HTT 1-151, HTT
1-88, and HTT 1-40 (Huang et al., 2011). However, as this interaction analysis
was performed in yeast it was repeated here in a mammalian system using the
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mammalian expression versions of the constructs used in the yeast 2-hybrid
experiments (Hackam et al., 1998; Huang et al., 2011). Conveniently, these
truncation constructs remove the C-terminal region upstream of the H1 alpha-rod
domain (HTT 1-427) or this C-terminal region and half of the H1 alpha-rod
domain (HTT 1-224) (Figure 2.2.A). HTT 1-548 and two C-terminal deletion
mutants, 15Q or 128Q HTT 1-427 and 15Q or 128Q HTT 1-224 (Figure 2.2.A),
were transiently co-expressed with HIP14-GFP or HIP14L-GFP expressing
constructs in COS-7 cells. GFP was immunoprecipitated and resulting blots were
probed with antibodies to detect GFP and HTT. As previously shown, 57% less
mHTT 1-548 (128Q HTT 1-548) co-immunoprecipitated with HIP14-GFP than
wtHTT 1-548 (15Q HTT 1-548), indicating reduced interaction in the presence of
the HD mutation (Figure 2.2.B and C; n=3). Both 15Q and 128Q HTT 1-427
exhibited decreased, but not abolished, interaction with HIP14-GFP while both
15Q and 128Q HTT 1-224 interacted very little or not at all with HIP14-GFP
(Figure 2.2.B and C; n=3). The same interaction pattern was observed with a
HIP14-FLAG tagged construct and HTT 1-548 did not interact with GFP alone
(data not shown). All further experiments were performed using the GFP tagged
constructs as they express better in COS cells. These data indicate that HTT 1548 is required for full interaction with HIP14 and the interaction is abolished with
deletion of amino acids 224-548 in the HTT 1-224 truncation protein. No
interaction between HIP14-GFP and HTT 1-151, HTT 1-88, or HTT 1-40 was
observed (data not shown).
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Figure 2.1: Overview schematics of the domain organization of HTT (A),
HIP14 (B), and HIP14L (C). The domain organization of HTT is shown in (A) with
the poly-glutamine domains of WT (15Q) and mutant (128Q) HTT (NP_002102)
are shown in grey and black rectangles, respectively, the proline rich repeat is
shown in a hatched rectangle, and the H1 alpha-rod domain is shown in a dotted
rectangle with the amino acids indicated above. (B) The domain organization of
HIP14 (NP_056151) is shown in (B) and of HIP14L (NP_061901) in (C) with the
7 ankyrin repeats making up the ankyrin repeat domain shown in numbered solid
grey rectangles, the transmembrane domains shown in hatched rectangles
labeled TM1-6, and the DHHC cysteine-rich domain shown in solid black
rectangles labeled DHHC. The amino acids corresponding to the appropriate
domains are indicated below.
As the domain of HTT that interacts with HIP14L has never been
determined, the same co-immunoprecipitation experiment between HIP14L-GFP
and the above-mentioned HTT C-terminal deletion mutants, 15Q or 128Q HTT 1427 and 15Q or 128Q HTT 1-224 was performed. Similar to the results obtained
with HIP14, 128Q HTT 1-548 interacted much less with HIP14L-GFP than did
15Q HTT 1-548, indicating reduced interaction with mHTT (54% decrease;
Figure 2.2.D and E; n=3). However, no change in interaction of HIP14L with the
15Q and 128Q HTT 1-427 deletion mutants was observed in coimmunoprecipitation experiments (Figure 2.2.D and E; n=4). The HTT 1-224
deletion mutant did not interact with HIP14L (Figure 2.2.D and E; n=3). No
interaction between HIP14L-GFP and HTT 1-151, HTT 1-88, or HTT 1-40 was
observed (data not shown). These data indicate that HTT 1-427 is sufficient for
interaction with HIP14L and the interaction is abolished with deletion of amino
acids 224-548 in the HTT 1-224 truncation protein.
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Figure 2.2: HIP14 and HIP14L interaction with C-terminal deletion mutants
of HTT 1-548. (A) A schematic diagram of the HTT 1-548 C-terminal deletion
mutants used in co-immunoprecipitation experiments with HIP14-GFP and
HIP14L-GFP showing the 15Q or 128Q poly-Q domains, the proline rich region
(PRR), and the H1 alpha-rod domain. (B) A representative image (top two
panels) of the co-immunoprecipitation between these C-terminal deletion mutants
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and HIP14-GFP where GFP was immunoprecipitated and the resulting blots
were probed for HTT (top panel) and GFP (bottom panel) showing less 15Q and
128Q HTT 1-427 co-immunoprecipitated with HIP14-GFP. On the right is a
beads alone (no antibody) control showing no non-specific binding of the proteins
to the beads. The bottom two images show the expression of the HTT deletion
mutants (top panel) and of HIP14-GFP (bottom panel). (C) Quantification of three
independent co-immunoprecipitation experiments where the % HTT interaction
with HIP14 is the indicated HTT band intensity as a percentage of the HIP14GFP band intensity from the same sample, normalized to 15Q HTT 1-548. (D) A
representative image (top two panels) of the co-immunoprecipitation between the
HTT 1-548 C-terminal deletion mutants and HIP14L-GFP where GFP was
immunoprecipitated and the resulting blots were probed for HTT (top panel) and
GFP (bottom panel). Less 15Q and 128Q HTT 1-427 co-immunoprecipitated with
HIP14L-GFP. On the right is a beads alone (no antibody) control showing no
non-specific binding of the proteins to the beads. The bottom two panels show
the expression of the HTT deletion mutants (top panel) and of HIP14L-GFP
(bottom panel). (E) Quantification of three independent co-immunoprecipitation
experiments where the % HTT interaction with HIP14L-GFP is the indicated HTT
band intensity as a percentage of the HIP14L-GFP band intensity from the same
sample, normalized to 15Q HTT 1-548.
2.3.2 Deletion of HTT amino acids 1-427 abolishes the interaction of HTT
with HIP14 and HIP14L
To further characterize the domain of interaction of HTT with HIP14 or HIP14L,
N-terminal deletion mutants complementary to the C-terminal deletion mutants
were generated; HTT 88-548, HTT 151-548, HTT 224-548, and HTT 427-548
(Figure 2.3.A). These deletion mutants were transiently co-expressed with
HIP14-GFP or HIP14L-GFP in COS-7 cells. Reduced interaction of HTT with
HIP14-GFP was observed with HTT 88-548, HTT 151-548, and HTT 224-548
and the interaction was abolished upon the deletion of amino acids 1-427 in the
HTT 427-548 deletion mutant (Figure 2.3.B and C; n=3). These data indicate that
HTT amino acids 224 to 548 are sufficient for partial interaction with HIP14.
A similar effect was observed between the interaction of HIP14L and the
HTT C-terminal deletion mutants as with HIP14. Reduced interaction of HTT 88548, HTT 151-548, and HTT 224-548 with HIP14L-GFP was observed in similar
co-immunoprecipitation experiments and again complete loss of interaction was
observed with the HTT 427-548 deletion mutant (Figure 2.3.D and E; n=3).
These data also indicate that HTT amino acids 224 to 548 are sufficient for
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partial interaction with HIP14L and, along with the data discussed above,
suggests that there may be a HIP14/HIP14L binding domain between amino
acids 224-427 of HTT.
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Figure 2.3: HIP14 and HIP14L interaction with N-terminal deletion mutants
of HTT 1-548. (A) A diagram of the HTT 1-548 N-terminal deletion mutants used
in co-immunoprecipitation experiments with HIP14-GFP and HIP14L-GFP
showing the 15Q poly-Q domains, the proline rich region (PRR), and the H1
alpha-rod domain. (B) A representative image (top two panels) of the coimmunoprecipitation between these N-terminal deletion mutants and HIP14-GFP
where GFP was immunoprecipitated and the resulting blots were probed for HTT
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(top panel) and GFP (bottom panel) showing less HTT 88-548, HTT 151-548,
and HTT 224-548 co-immunoprecipitated with HIP14-GFP and no HTT 427-548
was co-immunoprecipitated with HIP14. On the right is a beads alone control
showing no non-specific binding of the proteins to the beads. The bottom two
images show the expression of the HTT deletion mutants (top panel) and of
HIP14-GFP (bottom panel). (C) Quantification of three co-immunoprecipitation
experiments where the % HTT interaction with HIP14 is the indicated HTT band
intensity as a percentage of the HIP14-GFP band intensity from the same
sample, normalized to 15Q HTT 1-548. (D) A representative image (top two
panels) of the co-immunoprecipitation between the HTT 1-548 N-terminal
deletion mutants and HIP14L-GFP where GFP was immunoprecipitated and the
resulting blots were probed for HTT (top panel) and GFP (bottom panel). Less
HTT 88-548, HTT 151-548, and HTT 224-548 and no HTT 427-548 was coimmunoprecipitated with HIP14L-GFP. On the right is a beads alone control
showing no non-specific binding of the proteins to the beads. The bottom two
panels show the expression of the HTT deletion mutants (top panel) and of
HIP14L-GFP (bottom panel). (E) Quantification of three co-immunoprecipitation
experiments where the % HTT interaction with HIP14L-GFP is the indicated HTT
band intensity as a percentage of the HIP14L-GFP band intensity from the same
sample, normalized to 15Q HTT 1-548.
2.3.3 Deletion of amino acids 257-315 of HTT does not abolish the
interaction with HIP14 and HIP14L
One potential mechanism of binding of HIP14 and HIP14L to HTT within amino
acids 224-427 is a putatively methylated lysine at K262 within a LKS motif (in
human HTT NP_002102). Gao et al determined the crystal structure of the HIP14
ankyrin repeat domain and found that it forms a surface aromatic cage that may
bind methylated lysines, much like the ankyrin repeat domains of the G9a and
G9a-like protein histone lysine methyltransferases (Gao et al., 2009). The K262
of the LKS motif within residues 224-427 of HTT is the only lysine in this region
that contains an adjacent serine or threonine like that of the methylated lysine of
the histone H3 tail sequence, making it a potential site of methylation (Gao et al.,
2009). To determine if this is a potential binding domain, a HTT deletion protein
with amino acids 257-315 deleted, including the LKS motif, was generated
(Figure 2.4.A). This deletion mutant was transiently co-expressed with HIP14GFP or HIP14L-GFP in COS-7 cells. Reduced but not abolished interaction of
15Q HTT 1-548Δ257-315 with HIP14-GFP and HIP14L-GFP was observed
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(Figure 2.4.B and C for HIP14 and D and E for HIP14L; n=3). These data indicate
that the HIP14/HIP14L binding domain in HTT is not within these amino acids.

Figure 2.4: HIP14 and HIP14L interaction with 15Q HTT 1-548Δ257-315. (A)
A diagram of the 15Q HTT 1-548Δ257-315 deletion mutant used in coimmunoprecipitation experiments with HIP14-GFP and HIP14L-GFP showing the
15Q poly-Q domains, the proline rich region (PRR), and the H1 alpha-rod
domain. (B) A representative image (top two panels) of the coimmunoprecipitation between 15Q HTT 1-548Δ257-315 deletion mutant and
HIP14-GFP where GFP was immunoprecipitated and the resulting blots were
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probed for HTT (top panel) and GFP (bottom panel) showing less of the 15Q
HTT 1-548Δ257-315 deletion mutant co-immunoprecipitated with HIP14-GFP
and compared to 15Q HTT 1-548. On the right is a beads alone (no antibody)
control showing no non-specific binding of the proteins to the beads. The bottom
two images show the expression of the 15Q HTT 1-548Δ257-315 deletion mutant
(top panel) and of HIP14-GFP (bottom panel). (C) Quantification of three
independent co-immunoprecipitation experiments where the % HTT interaction
with HIP14 is the indicated HTT band intensity as a percentage of the HIP14GFP band intensity from the same sample, normalized to 15Q HTT 1-548. (D) A
representative image (top two panels) of the co-immunoprecipitation between the
15Q HTT 1-548Δ257-315 deletion mutant and HIP14L-GFP where GFP was
immunoprecipitated and the resulting blots were probed for HTT (top panel) and
GFP (bottom panel). Less 15Q HTT 1-548Δ257-315 deletion mutant was coimmunoprecipitated with HIP14L-GFP. On the right is a beads alone (no
antibody) control showing no non-specific binding of the proteins to the beads.
The bottom two panels show the expression of the 15Q HTT 1-548Δ257-315
deletion mutant (top panel) and of HIP14L-GFP (bottom panel). (E) Quantification
of three independent co-immunoprecipitation experiments where the % HTT
interaction with HIP14L-GFP is the indicated HTT band intensity as a percentage
of the HIP14L-GFP band intensity from the same sample, normalized to 15Q
HTT 1-548.
2.4

DISCUSSION

HIP14 and HIP14L are HTT interacting and palmitoylating proteins and their
interaction and palmitoylation of HTT are decreased in the presence of mHTT
(Singaraja et al., 2002; Sutton et al., 2013; Yanai et al., 2006). Interestingly, it
appears that the interaction between HIP14 and HTT goes beyond that of only an
enzyme-substrate interaction and that HTT actually modulates the enzymatic
activity of HIP14 (Huang et al., 2011; Singaraja et al., 2011). To further
understand and characterize the interactions of HTT with HIP14 and HIP14L it is
important to identify the domains of interaction to guide future efforts to target
and enhance this interaction to increase enzyme activity and remediate
palmitoylation of HTT and their substrates. It is necessary to know if HIP14 and
HIP14L interact with the same domain of HTT and, if so, if they compete for
binding.
HIP14 was previously shown to interact with HTT 1-548 (Huang et al.,
2011). Here the interaction between HIP14 and HIP14L with N- and C-terminal
HTT 1-548 deletion mutants was characterized. HTT amino acids 1-548 are
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sufficient for the full interaction of HTT with HIP14 and partial interaction is
achieved with amino acids 1-427 and 224-548. Full interaction between HTT and
HIP14L was achieved with HTT amino acids 1-548 and 1-427 and partial
interaction with 224-427. Amino acids 1-224 or 427-548 of HTT were not
sufficient for interaction with HIP14 and HIP14L, indicating that a binding domain
is likely to exist between amino acids 224-427. To further characterize this
binding region a HTT deletion protein with amino acids 257-315 deleted was
generated. Reduced but not abolished interaction of 15Q HTT 1-548Δ257-315
with HIP14-GFP and HIP14L-GFP was observed. These data indicate that the
HIP14/HIP14L binding domain in HTT is not within these amino acids but that
these amino acids are required for the structural integrity of the actual binding
domain.
A larger region of HTT, amino acids 1-548, is required to achieve full
interaction, possibly to achieve correct folding and structural stability of the
binding domain or because other sequences outside of this region also contribute
to the interaction. The full 1-548 amino acids are required for structural integrity
and the correct interaction conformation of HTT likely requires interactions
between 1-548 N- and C-terminal parts of HTT to form a compact structure.
Based on these data, it is possible that there is one or two binding sites, one
around amino acid 224 and/or another around amino acid 427, and that the
biding site(s) are required for full interaction and all of the amino acids from 1-548
are required for the structural integrity and conformation of these binding sites
(Figure 2.5; dashed lines).
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Figure 2.5: A schematic diagram of the two hypothetical binding scenarios
of HTT with HIP14 or HIP14L. In both (A) and (B) for HIP14 or HIP14L the
numbered, solid grey boxes are the seven ankyrin repeats that make up the
ankyrin repeat domain, the six TMDs are in hatched boxes labeled TM1-TM6,
and the DHHC-CR domain is a black box labeled DHHC. (A) In this first scenario,
the HIP14 and HIP14L HTT binding site (solid pink box) is between amino acids
224-427 and this binding site interacts with the ankyrin repeat domain of HIP14
or HIP14L. (B) In an alternate scenario there are two binding sites (solid pink
boxes), one between amino acids 1-427 and the other between amino acids 224548, that both interact with the ankyrin repeat domain.
Interestingly, in the hypothetical 3D structure of HTT proposed by Palidwor
et al, HTT has 3 alpha-rod domains (H1-3) that fold back on and interact with
each other and interact with HTT interacting proteins (Figure 2.1.A) (Palidwor et
al., 2009). The two potential binding domains around residues 224 and 427 are
contained within a single structural element of HTT, the H1 alpha-rod domain
(resides within amino acids 114-431; Figure 2.1.A). It would be logical that the
PAT binding domain would be contained within a single structural element such
as the H1 domain thus favoring our model that the PAT binding domains are fully
contained within this structural element (Figure 2.5) (Palidwor et al., 2009). This
is consistent with the data presented here where the full 1-548 HTT protein is
required for the correct confirmation of this large structural domain and of the two
binding sites contained within.
This study identified two potential binding domains around residues 224
and 427 for the PAT enzymes HIP14 and HIP14L. Further characterization of the
interactions of HTT with HIP14 and HIP14L is important, as this interaction is
believed to go beyond that of a simple enzyme-substrate interaction where HTT
actually modulates their function and facilitates palmitoylation of HIP14
substrates.
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A common binding domain in HTT for HIP14 and HIP14L along with the
fact that HIP14L’s domain structure is virtually identical to HIP14, with all the
same domains in the same orientation suggests that HTT may also modulate the
enzymatic activity of HIP14L (Young et al., 2012). HTT may modulate the
function of these enzymes in several ways. First, HTT is an α–solenoid protein
made up of HEAT (Huntingtin, Elongation factor 3, protein phosphatase 2A,
TOR1) repeats suitable for its function as a scaffolding protein with many proteinprotein interactions (Huang et al., 2011; Li et al., 2006b; Palidwor et al., 2009;
Seong et al., 2010; Takano and Gusella, 2002). It is possible that HTT may act
as a scaffolding protein to bring substrates into close proximity with HIP14 and
HIP14L, acting as an essential linker between PATs and their other substrates.
Second, HTT may act as an allosteric activator of HIP14 by affecting the
conformational structure of HIP14 thereby allowing substrates to access the
DHHC active site (Huang et al., 2011). Third, as HTT has been shown to be
involved in trafficking of organelles along the cytoskeleton, interacting with
multiple motor and motor-associated proteins, HTT may be important for
trafficking HIP14 and/or HIP14L to particular subcellular locations allowing it to
interact with and palmitoylate its substrates (Caviston and Holzbaur, 2009;
Huang et al., 2011).
As the interactions between HTT and HIP14 or HIP14L are reduced in HD
and these PATs are implicated in the pathogenesis of HD, understanding the
nature of their interactions with HTT may guide future efforts to target and
enhance this interaction to increase enzyme activity and remediate palmitoylation
of HTT and its substrates. These data indicate that HIP14 and HIP14L share a
binding site, providing evidence that these two PATs may compensate for each
other in palmitoylating HTT and may compete for binding to HTT and other
substrates. This needs to be considered when taking efforts to increase the
interaction between HTT and HIP14 at the risk of decreasing the interaction with
the other, which may have detrimental effects. If HTT acts as an allosteric
activator of HIP14 and HIP14L, binding of a small HTT peptide, including the two
binding sites, may enhance HIP14 and HIP14L activity in the disease state,
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which would likely have a beneficial effect by restoring palmitoylation of HTT and
other proteins. This would not be possible without knowing which motifs of HTT
bind HIP14 and HIP14L and this study brings us much closer to this goal.
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3 HUNTINGTIN INTERACTING PROTEINS 14 AND 14LIKE ARE REQUIRED FOR CHORIOALLANTOIC
FUSION DURING EARLY PLACENTAL
DEVELOPMENT3
3.1

INTRODUCTION

Huntington disease (HD) is an adult-onset, autosomal dominant
neurodegenerative disease characterized by motor, cognitive, and psychiatric
symptoms. In HD early degeneration of the striatum occurs followed by more
widespread degeneration in the later stages of the disease (Roos, 2010; Sturrock
and Leavitt, 2010). Most patients with HD have an onset in midlife with death
following, on average, 20 years later (Roos, 2010; Sturrock and Leavitt, 2010).
HD is caused by a CAG (coding for glutamine, Q) expansion in the first exon of
the HTT gene, leading to an N-terminal poly-Q expansion in the Huntingtin (HTT)
protein (Group, 1993).
The HTT protein undergoes many PTMs, including phosphorylation,
SUMOylation, ubiquitination, acetylation, proteolytic cleavage, and palmitoylation.
These PTMs modulate the functions of HTT and influence toxicity of mHTT
(reviewed in (Ehrnhoefer et al., 2011)). Palmitoylation is the commonly used term
for S-acylation, the reversible post-translational addition of long-chain saturated
fatty acids to proteins at cysteine residues via a thioester bond. S-acylation is
often referred to as palmitoylation because the most abundant lipid substrate in
the cell is the 16-carbon fatty acid palmitate (Hallak et al., 1994; Smotrys and
Linder, 2004). Palmitoylation is mediated by a family of enzymes called the

3

This chapter has been accepted for publication in Developmental Biology (in
press at the time of thesis submission). Sanders, S.S., Hou, J., Sutton, L.M.,
Garside, V.C., Mui, K.K.N., Singaraja, R.R., Hayden, M.R., and Hoodless, P.A.
Huntingtin interacting proteins 14 and 14-like are required for chorioallantoic
fusion during early placental development. Experimental design, assessments of
Mendelian ratios, some imaging of histological staining, palmitoylation assays,
and all data analysis by SSS.
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DHHC-domain containing palmitoylacyl transferases (DHHC PATs) of which
humans have 23 (ZDHHC1-9 and 11-24) and mice have 24 (Zdhhc1-9 and 1125) (Ohno et al., 2006). The palmitoylation of HTT and of many other proteins
serves to dynamically regulate membrane localization, function, protein-protein
interactions, and other PTMs of palmitoyl-proteins (reviewed in (Young et al.,
2012)).
Palmitoylation of HTT and other proteins has been previously implicated in
the pathogenesis of HD and other neuropsychiatric disorders including AD,
schizophrenia, mental retardation, and neuronal cereoid lipofuscinosis (reviewed
in (Young et al., 2012)). Palmitoylation of HTT is reduced in the presence of the
polyglutamine expansion and further reduction of palmitoylation of mHTT,
mediated by a reduction in activity of its PATs, accelerates its aggregation and
increases cellular toxicity, whereas increased palmitoylation reduces aggregation
(Yanai et al., 2006). HTT interacts with and is palmitoylated primarily by two
PATs: the huntingtin interacting proteins 14 and 14-like (HIP14 and HIP14L or
ZDHHC17 and 13 respectively) (Huang et al., 2011; Singaraja et al., 2002;
Sutton et al., 2013). These two PATs are unique in that they are the only two
PATs that have an ankyrin repeat domain. It is this domain that mediates the
interaction between HIP14 and HTT (Huang et al., 2011; Ohno et al., 2006). In
fact, wtHTT is a modulator of HIP14 activity such that loss of wtHTT or the
presence of mHTT leads to decreased HIP14 auto-palmitoylation and reduced
palmitoylation of HIP14 substrates (Huang et al., 2011; Wan et al., 2013).
Interestingly, mouse models deficient in either Hip14 (Hip14-/-) or Hip14l (Hip14l-/) develop HD-like phenotypes, including predominant striatal degeneration and
motor dysfunction, but do not exhibit changes in the palmitoylation of HTT itself
(Singaraja et al., 2011; Sutton et al., 2013). It has been suggested that the
phenotypes of these two mouse models result from the aberrant palmitoylation of
other neuronal substrates rather than of HTT itself (Singaraja et al., 2011; Sutton
et al., 2013).
The biological function of HTT palmitoylation and exactly what role the
loss of HTT palmitoylation plays in the pathogenesis of HD are unknown. To
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answer these questions and to determine if HIP14 and HIP14L are in fact the
only two PATs for HTT, the Hip14-/- and Hip14l-/- mouse models were
intercrossed to generate mice deficient for both Hip14 and Hip14l genes. Here
we provide the first description of a double PAT deficient mouse model and show
that loss of a PAT or multiple PATs results in embryonic lethality in mammals,
demonstrating that palmitoylation is a critical factor in early embryonic
development.
3.2

MATERIALS AND METHODS

3.2.1 Mouse breeding and embryo dissection
FVB/N Hip14 gene-trapped mice (Hip14-/-; previously described (Singaraja et al.,
2011)), were crossed to FVB/N Hip14l gene-trapped mice (Hip14l-/-; previously
described (Sutton et al., 2013)) to generate Hip14+/-;Hip14l-/- mice, which were
intercrossed to generate all embryos in this study. The University of British
Columbia Committee on Animal Care approved all procedures. Previously
described FVB/N Httpreex1/+ mice were intercrossed to generate Httpreex1/preex1 (Htt-/) embryos (Zeitlin et al., 1995).
Timed pregnancies were set up and female mice were examined for plugs
every morning for 5 days. Noon of the day the plug was found was considered
embryonic day 0.5 (E0.5). Embryos were either fully dissected or left within the
yolk sac or within the decidua at various gestational ages (E8.5-12.5) and either
immediately imaged and genotyped or fixed for in situ hybridization or histology.
3.2.2 Genotyping
Embryos harvested to determine the stage of embryonic lethality, for gross
morphology, for in situ hybridization, or to establish MEFs were genotyped by
PCR following quick lysis of the yolk sac, a piece of the yolk sac, or the embryo
in the yolk sac. Quick lysis is performed by overnight digestion at 55° with
Proteinase K (Life Technologies, Carlsbad, CA, USA) in 40 mM Tris, 50 mM KCl,
and 1% Tween-20 followed by inactivation of Proteinase K at 95° for 15 minutes.
Breeding mice and cell pellets from mouse embryonic fibroblast (MEF) cell lines
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were genotyped as previously described at the Hip14l locus to confirm
homozygosity (Sutton et al., 2013). All embryos and cell pellets were genotyped
by PCR at the Hip14 locus as previously described (Singaraja et al., 2011).
Embryos from Htt+/- intercrosses were genotypes at the HttPreex1 locus as
previously described (Zeitlin et al., 1995). All primer sequences are in Table 3.1.

79

Table 3.1: Sequences of qPCR and genotyping primers and in situ
hybridization probes.
qPCR primers:
mHip14 rt2f_F
mHip14 rt2f_R
Hip14l_qPCR_F
HIP14l_qPCR_R
Zdhhc1_F
Zdhhc1_R
Zdhhc2_F
Zdhhc2_R
Zdhhc3_F
Zdhhc3_R
Zdhhc4_F
Zdhhc4_R
Zdhhc5_F
Zdhhc5_R
Zdhhc6_F3
Zdhhc6_R3
Zdhhc7_F2
Zdhhc7_R2
Zdhhc8_F2
Zdhhc8_R2
Zdhhc9_F

qPCR primers:
TGGTGTGTCTCTTACTGGGG
CATCCACGGGGAGCATGTG
TGGGTGGTGACCTAAATTCAACT
GCACCGTGCTGGAGCAATA
CTGCAACAAACCCTCCAACAA
ATCACCGCGAAGAAGAGGTAG
TCCCGGTGGTGTTCATCAG
TGGCGTAGGCGTAGTAGGAC
CGGGAGCCATGTGGTTTATCC
ACTCCGCATAGAGGACCAGAA
GTGTTGTCCTGATCTGCATCTT
ACTGCGGGATTACCCTGGA
CAAACCCAGCAAGTATGTACCG
CTGGACACGTAAAGGCAAAGA
GACCAGTACAGCCTCACAATAG
GCAGGCACCATTGTAATCTTC
AGGGTGTTTCAGGGAATCATG
AGGATGCTGAGTCGTAATTGTC
ATGTATAAGTTCCGGCCAGC
TGCCAGAGTAAGGGAGTCAG
TTCTTTGCCTTCGAGTGTCG

Zdhhc9_R
Zdhhc12_F2
Zdhhc12_R2
Zdhhc15_F2
Zdhhc15_R2
Zdhhc16_F
Zdhhc16_R
Zdhhc18_F2
Zdhhc18_R2
Zdhhc20_F2
Zdhhc20_R2
Zdhhc21_F2
Zdhhc21_R2
Zdhhc24_F2
Zdhhc24_R2
Actb_F
Actb_R
Rpl13a_F
Rpl13a_R
Hprt1_F
Hprt1_R

CTGCTTCATCTGGTAGTGCTC
TCGGCTGAGGAAGAGGAAG
CTCTGGCTTTTAGGCACAAC
ATCTAATCAAGCCAGACCGC
CATGGGCAGTGATGGTCC
TGGCGTTATGGCAAGGTTTG
CAGCGGATCACATTGTCCAC
GCCCTGGAGAAGCAGATC
CGGTATGTGGAGCTGCCTGTGTTAT
GTGGCTGCAACAGTTTTAGAG
AAAAGGAACAGTACGTGGAACT
TCCCTACCACTTTGCCAATC
CTGTAACGCATTTCCAGCATG
CTTTGCCTGGAGATGGGATC
CCTGTTCAGTTCTGGCTCTAC
ACGGCCAGGTCATCACTATTG
CAAGAAGGAAGGCTGGAAAAGA
GGAGGAGAAACGGAAGGAAAAG
CCGTAACCTCAAGATCTGCTTCTT
CGTCGTGATTAGCGATGATGA
TCCAAATCCTCGGCATAATGA

Hip14l genotyping primers:

Hip14 genotyping primers:

Hip14l_F CTCCCAGTCTTGGTCTTCACTAC
Hip14l pGT01xr_R GAACTTCCCTAGGCCTATCAC
Hip14l_R GAGCAAGCGCATCATCAGGATC

Hip14 Int5_F CCGTCTTAGTGCCATTTGTTCGTC
Hip14 Geo5_R GGTGCCGGAAACCAGGCAAAG
Hip14 Int5_R CATGTGTCGGGATGGCTGTGAAAAG

Hdhpreex1 genotyping primers:

Hdhpreex1 genotyping primers:

Htt Preex1_F CATTCATTGCCTTGCTGCTAAG
Htt Preex1_R CTGAAACGACTTGAGCGACTC

Htt Preex1 Neo_F GATCGGCCATTGAACAAGATG
Htt Preex1 Neo_R AGAGCAGCCGATTGTCTGTTG

Primers for generation of In situ hybridization probes:
Hip14_F XhoI
Hip14_R EcoRI
Hip14l_F XhoI
Hip14l_R EcoRI
Vcam1_F XhoI
Vcam1_R EcoRI
Itga4_F XhoI
Itga4_R EcoRI

GTGCTATGCTCGAGACTTGGCTGCTCAGTTCGGACATA
GTGCTATGGAATTCTGGCTTCCGAATCAAGCAGGTACT
GTGCTATGCTCGAGGCCTCTTAAAGCAAAGCAGGCACA
GTGCTATGGAATTCAACAGGCCATCTTTCTGGGTCTGA
GTGCTATGCTCGAGACATCCCTCCACAAGGCTTCAAGA
GTGCTATGGAATTCTCACTTGAGCAGGTCAGGTTCACA
GTGCTATGCTCGAGATAGGGAAGCAAACAGGGAAGGCT
GTGCTATGGAATTCACCAGGCAGGAAAGGTGGTTAAGA

DNA was extracted from paraffin embedded embryos as previously
described (Gilbert et al., 2007). Briefly, the remaining piece of embryos following
paraffin embedding and sectioning were cut out of the paraffin block, warmed at
55° until the paraffin melted, left in xylene for 24 hours, washed two times with
xylene, washed 3 times with 100% ethanol; sequentially rehydrated with 95%,
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70% and 50% ethanol, and then carefully dissected out of the decidua. DNA was
extracted from embryonic tissue using the QIAamp DNA Micro Kit (Qiagen,
Limburg, Netherlands) according to the protocol with the following additions: a 15
minute 98° incubation in buffer ATL, prior to adding Proteinase K, to reverse
cross-linking of proteins to nucleic acids and a 96 hour digestion at 55° with
Proteinase K.
3.2.3 Histology and in situ hybridization (ISH)
Embryos in decidua were paraffin embedded, sectioned at 5 uM, and stained
with hematoxylin and eosin (H&E) by Wax-it Histology Services (Vancouver, BC,
Canada; www.waxitinc.com).
Whole mount ISH, cryo-sectioning after whole mount ISH, section ISH,
and probe labeling were performed according to standard protocols that were
previously described (McKnight et al., 2007). Probe templates were generated by
RT-PCR amplification from total RNA isolated from E8.5 mouse embryos, with an
average size of 400-800 bp, followed by sequence verification. All PCR products
were digested with XhoI and EcoRI and ligated into pBluescriptII digested with
the same enzymes. The subsequent probe labeling was performed as previously
described (McKnight et al., 2007). At least three embryos were examined for
each probe at each time point. The primer sequences for generating the ISH
probes are included in Table 3.1.
3.2.4 Generation of mouse embryonic fibroblasts
Mouse embryonic fibroblasts (MEFs) were generated from E9.5 embryos as
previously described (Shiota et al., 2006). Briefly, embryos were washed with
PBS and the heads were removed. The rest of the embryo was disaggregated by
passage slowly once through a 28-gauge needle into DMEM with 10% fetal
bovine serum, penicillin/streptomycin (1000 Units/mL Penicillin and 1000 ug/mL
streptomycin), non-essential amino acids, 1 mM sodium pyruvate, 10 uM βmercaptoethanol, and 2 mM L-glutamine in a single well of a 48-well plate (all
media and additives from Life Technologies, Carlsbad, CA, USA; βmercaptoethanol from Sigma-Aldrich, St. Louis, MO, USA). Cells were
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maintained until confluent (1-2 days) at 37° in 5% CO2 at which point they were
passaged by trypsinization and replated into a 24-well plate (passage one). At
passage three cells were immortalized by transfection with pSV3-neo (SV40
immortalization construct; ATCC) using X-tremeGENE 9 DNA transfection
reagent (Roche, Basel, Switzerland) according to the manufacturer’s instructions.
48 hours later cells were passaged and 1 mg/mL G418 (Thermo Fisher Scientific,
Waltham, MA, USA) was added to the culture media to select for SV40
immortalization.
3.2.5 Acyl-biotin exchange palmitoylation assay and western blotting
analysis
ABE palmitoylation assays were performed on frozen cell pellets from WT and
Hip14-/-;Hip14l-/- MEFs as previously described (Drisdel and Green, 2004; Huang
et al., 2009). Briefly, cell pellets from three wild type and two Hip14-/-;Hip14l-/- cell
lines from three separate passage numbers were harvested and immediately
frozen and stored at -80° until genotyping results were obtained. Frozen cell
pellets were then homogenized on ice in 500 uL lysis buffer (150 mM NaCl, 50
mM Tris, 5 mM ethylenediaminetetraacetic acid, 0.1% SDS, 1% triton X-100, pH
7.4) with 100 mM NEM (Sigma-Aldrich, St. Louis, MO, USA). Cell homogenates
were sonicated for 5 seconds at 20% power to shear DNA and the insoluble
material was removed by centrifugation at 14000 revolutions per minute for 15
minutes. HTT was immunoprecipitated from cell lysates by overnight incubation
with Protein G Dynabeads® (Life Technologies, Carlsbad, CA, USA) and inhouse anti-HTT antibody (BKP1). Beads were then washed and split into two and
treated with neutral pH hydroxylamine (HAM+; Sigma-Aldrich, St. Louis, MO,
USA) in lysis buffer or just lysis buffer (HAM-) for two hours at room temperature.
Following HAM treatment beads were washed and treated with 2.5 uM EZ-Link
BMCC-Biotin (Thermo Fisher Scientific, Waltham, MA, USA) in pH 6.2 lysis
buffer for one hour at 4°. At the end of the BMCC-Biotin treatment beads were
washed and then heated at 70° with 1X NuPAGE LDS Sample Buffer (Life
Technologies, Carlsbad, CA, USA) and 50 uM fresh dithiothreitol (Sigma-Aldrich,
St. Louis, MO, USA) to elute HTT protein.
82

Supernatants were run on NuPAGE® Novex® 3-8% Tris-Acetate gels
(Life Technologies, Carlsbad, CA, USA), transferred to nitrocellulose, and
blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO,
USA) in Phosphate Buffered Saline (PBS). Primary antibody dilutions of HTT
mouse monoclonal antibody (MAB2166, EMD Millipore, Billerica, MA, USA) in
5%BSA PBST (5% Tween-20) were applied to the immunoblots at 4°C overnight.
Dilutions of IRDye 800CW goat anti-Mouse (610-131-121; Rockland, Boyertown,
PA USA; 1: 2500) secondary antibody and Alexa Fluor® 680 conjugated
streptavidin (S-32358, Molecular Probes, Life Technologies, Carlsbad, CA, USA;
1:10000) were applied in 5% BSA PBST for an hour. Fluorescence was scanned
and quantified with Odyssey Infrared Imaging system (Li-COR Bioscience;
Lincoln, NE, USA) and quantified using the Li-COR software. Palmitoylation of
HTT in Hip14-/-;Hip14l-/- MEFs was analyzed as a ratio of HAM+ palmitoylation
signal to total immunoprecipitated HTT protein signal and normalized to the wild
type cells control condition. Data were analyzed using the Student’s t-test. Error
bars are in standard error of mean.
3.2.6 Quantitative real time PCR
Total RNA was isolated from -80⁰C frozen WT and Hip14-/-;Hip14l-/- MEFs cell
pellets using the RNeasy mini kit (Qiagen, Venio, Limburg, Netherlands). RNA
was treated with DNAse I (Life Technologies, Carlsbad, CA, USA) to remove
residual genomic DNA. cDNA was prepared from 1 µg total RNA using
SuperScript® III First-Strand Synthesis System (Life Technologies, Carlsbad,
CA, USA). Quantitative RT-PCR (qPCR) on the mouse Zdhhc genes (Hip14,
Hip14l and Zdhhc1-9, 12, 15, 16, 18, 20, 21, and 24) was performed using Power
SYBR Green PCR master mix (Applied Biosystems, Life Technologies, Carlsbad,
CA, USA) in ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Life
Technologies, Carlsbad, CA, USA) under default condition. Each sample was run
in triplicate. Expression levels for mRNA were normalized to a normalization
factor calculated from the geometric average of endogenous levels of three
reference genes: beta-actin (Actb), hypoxanthine phsphoribosyl-transferase 1
(Hprt1), and 60S ribosomal protein L13a (Rpl13a). All primer sequences are
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shown in Table 3.1. Data were analyzed using the Student’s t-test. Error bars are
in standard error of mean.
3.3

RESULTS

3.3.1 Loss of both Hip14 and Hip14l leads to early embryonic lethality
To generate mice deficient for both Hip14 and Hip14l, Hip14-/- mice were crossed
with Hip14l-/- mice to generate Hip14+/-;Hip14l-/- mice, which were intercrossed to
generate all embryos in this study (Hip14+/-;Hip14l-/- x Hip14+/-;Hip14l-/-)
(Singaraja et al., 2011; Sutton et al., 2013). No Hip14-/-;Hip14l-/- were observed
upon genotyping mice of weaning age (Table 3.2; p=3.90E-17; N=218). These
data indicate that the mice of this genotype were dying during embryogenesis or
shortly following birth.
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Table 3.2: Genotypes of offspring from Hip14+/-;Hip14l-/- intercrosses.

E8.5
E9.5
E10.5
E11.5
E12.5
Weaning

Hip14+/+;
Hip14l-/-

Hip14+/-;
Hip14-/-

Hip14-/-;
Hip14l-/-

Observed

30

61

33

Expected

31

62

31

Observed

52

109

57

Expected

55

108

55

Observed

16

40

6

Expected

16

30

16

Observed

20 (1)

27 (3)

0 (8)

Expected

12

23

12

Observed

17

26

0 (10)

Expected

11

21

11

Observed

65

153

0

Expected

55

108

55

Total
(alive)

χ2 p
value

124

0.92

218

0.88

62

0.01

47

1.22E-04

43

4.39E-04

218

3.90E-17

*The number of progeny is shown with dead or reabsorbing embryos in
brackets
To determine when the Hip14-/-;Hip14l-/- mice were dying, embryos from at
least three litters per time point were harvested from embryonic days 8.5 to 12.5
in utero (E8.5 to E12.5) timed pregnancies. No changes in the expected
Mendelian ratios of genotypes were observed at E8.5 or E9.5 (Table 3.2; p=0.92
and 0.88, respectively; N= 124 and 218, respectively). However, at E10.5 there
was a significant decrease in the number of Hip14-/-;Hip14l-/- embryos recovered
(Table 3.2; p=0.01; N=62). At E11.5 no live embryos were recovered and eight
dead or reabsorbing Hip14-/-;Hip14l-/- embryos were recovered (Table 3.2;
p=1.22E-04; N=47). Again at E12.5 only dead or reabsorbing Hip14-/-;Hip14l-/embryos were recovered (Table 3.2; p=4.39E-04; N=43). These data indicate that
the stage of embryonic lethality in the Hip14-/-;Hip14l-/- embryos is between E10
and E11 in utero.
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3.3.2 Hip14 and Hip14l are widely expressed during embryonic
development
Since Hip14-/-;Hip14l-/- mice are embryonic lethal between days E10-11, we
sought to determine the expression pattern of Hip14 and Hip14l just prior to this
time point. In situ hybridizations (ISH) using probes against Hip14 or Hip14l
mRNA in whole mount embryos were performed using WT embryos at E7.5,
E8.5, and E9.5. With the exception of a slightly lower level of expression of Hip14
in the heart at E9.5 (asterisk in Figure 3.1F) both genes were expressed in the
entire embryo at all three time points tested as observed in whole mount
embryos and in the indicated sections (Figure 3.1). To determine the pattern of
expression of Hip14 and Hip14l in the placenta, ISH was performed using the
probes mentioned above in sectioned E8.5 decidua. Hip14 and Hip14l are
expressed in the chorion (arrow) and allantois (arrowhead) of the E8.5
developing placenta (Figure 3.1 G and O, respectively).
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Figure 3.1: Expression of Hip14 and Hip14l mRNA in the whole embryo at
E8.0, E8.5, and E9.5. Expression of Hip14 in E8.0 (A), E8.75 (B), E9.5 (C) whole
mount embryos by in situ hybridization using an antisense probe against Hip14
mRNA. The indicated sections (red dotted lines) through the E8.75 and E9.5
embryos are shown in E and F, respectively. Expression of Hip14 in the placenta
at E8.5 is shown in G, where desidua were embedded and sectioned prior in situ
hybridization, with the chorion indicated by an arrow and the allantois indicated
by an arrowhead. The negative control staining using the sense version of the
Hip14 probe is shown in D and H. Hip14l mRNA expression in E7.75 (I), E8.5 (J),
E9.5 (K) embryos by in situ hybridization is shown. The indicated sections (red
dotted lines) through the E8.5 and E9.5 embryos are shown in M and N,
respectively. Expression of Hip14l in the placenta at E8.5 is shown in G, where
desidua were embedded and sectioned prior in situ hybridization, with the
chorion indicated by an arrow and the allantois indicated by an arrowhead.
Hip14l sense probe negative control staining is shown in L and P.
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3.3.3 Chorioallantoic fusion is abrogated in Hip14-/-;Hip14l-/- embryos
To determine the cause of embryonic lethality in the Hip14-/-;Hip14l-/- embryos,
the gross morphology was examined in embryos from five E8.5-E9.5 litters. A
total of 16 Hip14-/-;Hip14l-/- embryos were obtained from these five litters. In 11 of
the 16 (69%) Hip14-/-;Hip14l-/- embryos chorioallantoic fusion was observed to
have completely failed (Figure 3.2F, G and H) and in the remaining incomplete
chorioallantoic fusion was evident (Figure 3.2D, E, and I). Chorioallantoic fusion
occurs at E8.5 when the allantoic mesoderm attaches to the chorionic
mesothelium to ultimately form the placenta (Cross et al., 2003; Inman and
Downs, 2007). In the former case, where chorioallantoic fusion had failed, the
allantois had grown in size appropriately but failed to make contact with the
chorionic mesothelium and formed a balloon-like structure (Figure 3.2F, G, and
H). In addition, the allantois was observed to ectopically fuse to the yolk sac in
some embryos such as in Figure 3.2G and H (arrow in H). In embryos in which
incomplete chorioallantoic fusion occurred, the allantois appeared to make
contact with the chorionic mesothelium but did not form the appropriate funnel
shape as in the control embryos. Although the allantois in these mutants
suggests that cavitation is occurring, it formed a balloon-like shape, indicating
incomplete fusion (Figure 3.2C versus 2I). This incomplete or failed
chorioallantoic fusion in the Hip14-/-;Hip14l-/- embryos is likely the cause of the
embryonic lethality observed as the placenta, in turn, fails to develop and the
embryo fails to receive sufficient nutrition. In embryos past this stage of
development, the development of the embryo was delayed.
Two variations on the phenotype of the embryo were also observed: a
severe and a mild phenotype (Figure 3.2D-F and G-I, respectively). In the severe
phenotype the embryos exhibit growth retardation as early as E8.5, do not turn
properly, and are disorganized (Figure 3.2D-F). This phenotype was observed in
14 out of 16 (87.5%) Hip14-/-;Hip14l-/- embryos and 10 of these had failed
chorioallantoic fusion. In those Hip14-/-;Hip14l-/- embryos with a severe
phenotype, the amniotic membrane was small and tight possibly restricting the
growth of the embryo along the anterior-posterior axis to the point that by E10.5
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the embryos were severely contorted (Figure 3.2D-F). The mild phenotype was
observed in two of the 16 Hip14-/-;Hip14l-/- embryos (12.5%; Fig. G-I), in which,
the growth of the embryo was not significantly delayed. In one, the chorioallantoic
fusion failed (Figure 3.2G-H) and in the other there was incomplete
chorioallantoic fusion (Figure 3.2I).
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Figure 3.2: Gross morphology of Hip14-/-;Hip14l-/- embryos. Images of control
Hip14+/+;Hip14l-/- embryos at E8.5 (A and B) within the yolk sac and E9.5 (C)
removed from the yolk sac with the allantois and chorion still attached are shown
with the allantois indicated by an asterisk (* denotes allantois in all images of fig).
The lateral view of the E8.5 embryo is shown in (A) and the front view is shown
in (B). The severe phenotype of the Hip14-/-;Hip14l-/- embryos is shown in the
middle three panels with the lateral and front views of the E8.5 embryo in (D) and
(E), respectively, and the E9.5 embryo without yolk sac in (F). The mild
phenotype of the E8.5 Hip14-/-;Hip14l-/- embryos is shown in (G) and (H), lateral
and front views respectively and the E9.5 embryo is shown in (I).
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More detailed examination of the gross morphology of the Hip14-/-;Hip14l-/embryos was performed by H&E staining of paraffin embedded and sectioned
embryos. Embryos at E9.5 were sectioned within the yolk sac with the chorion
still attached and embryos at E8.5 were dissected and sectioned within the
decidua in order to maintain structural integrity of the embryo and extraembryonic
tissues. In the control embryos at E8.5, the allantois (indicated by arrowheads)
fused normally to the chorion (indicated by an arrow in the inset) and the
chorionic mesothelium had appropriately formed a bilayer (Figure 3.2A and B).
However, in the Hip14-/-;Hip14l-/- embryos, the allantois (arrowhead and inset)
had grown towards the chorion (arrow and inset) but did not fuse with the
chorionic mesothelium (Figure 3.2D-F). The chorionic mesothelium in the Hip14-/;Hip14l-/- embryo was also thickened and disorganized and did not form the
appropriate cell bilayer (Figure 3.2E).
An example of a severe phenotype of the Hip14-/-;Hip14l-/- embryos at
E9.5 was sectioned and H&E stained (Figure 3.2G-I). An image of the embryo
pre-sectioning is shown in Figure 3.2G wherein the balloon-like shape of the
allantois and the ectopic fusion of the allantois to the yolk sac can be observed.
The embryo was distorted and disorganized (Figure 3.2H) and the ectopic fusion
of the allantois (arrowhead) to the yolk sac can clearly be seen (Figure 3.2H and
the inset I). In addition, abnormal folding of the yolk sac visceral endoderm was
also observed (Figure 3.2H).
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Figure 3.3: Histology of Hip14-/-;Hip14l-/- and Htt-/- embryos. An H&E stained
section of a control E8.5 embryo (Hip14+/+;Hip14l-/-) is shown in (A) with the inset
in (B) and an E9.5 embryo in (C). Arrowheads indicate the allantois and arrows
indicate the chorion. An H&E stained section of an E8.5 Hip14-/-;Hip14l-/- embryo
is shown in (D) with the inset in (E) and an E9.5 embryo in (F), the inset in G, and
the pre-sectioning whole mount of the same embryo in H. H&E stained sections
of two different E8.5 Htt-/- embryos are shown in (I) and (J), with the inset of (J)
shown in (K).
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3.3.4 No change in expression of cell adhesion molecules in Hip14-/;Hip14l-/- embryos
The receptor ligand complex between the adhesion molecules, VCAM1 and α4integrin (ITGA4) mediate the union of the allantois and the chorion and embryos
deficient in either of these genes partially phenocopy the Hip14-/-;Hip14l-/embryos (Cross et al., 2003; Inman and Downs, 2007). Itga4 is normally
expressed on the basal surface of the chorion (Yang et al., 1995), while Vcam1 is
expressed in the allantois (Gurtner et al., 1995; Kwee et al., 1995). To determine
the molecular basis of the chorioallantoic fusion defect in the Hip14-/-;Hip14l-/embryos, the expression of cell adhesion molecules, required for chorioallantoic
fusion, was assessed by in situ hybridization in control (Hip14+/+;Hip14l-/-) and
Hip14-/-;Hip14l-/- embryos. There was no change in expression of either of these
genes in the Hip14-/-;Hip14l-/- embryos compared to control embryos (Figure 3.4).
Itg4a is appropriately expressed on the basal surface of the chorion (arrows in
Figure 3.4A and E) and Vcam1 is still expressed in the allantois (arrowheads of
Figure 3.4B and F and sections in Figure 3.4C and G). These data indicate that
the defect is not due to altered expression of either of these two genes. In
addition, the mRNA expression of the hedgehog signaling genes Shh, Foxa2,
Ptch1, and Isl1, and the left/right patterning gene Pitx2 were unchanged in Hip14/-

;Hip14l-/- embryos compared to control embryos suggesting that the embryo

proper is appropriately patterned (data not shown).
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Figure. 4.4: Expression of Itga4 and Vcam1 in Hip14-/-;Hip14l-/- whole
embryos. Expression of Itga4 is shown in a control embryo (Hip14+/+;Hip14l-/-) in
(A) and an Hip14-/-;Hip14l-/- in (D) with the allantois indicated by an arrowhead
and the chorion indicated by an arrow. Expression of Vcam1 is shown in a
control embryo (Hip14+/+;Hip14l-/-) in (B) and an Hip14-/-;Hip14l-/- in (E) with the
indicated section (red dotted line) shown in (C) and (F), respectively.
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3.3.5 Hip14-/-;Hip14l-/- embryos have morphological similarities to
embryonic lethal Htt deficient embryos
The phenotype of the Hip14-/-;Hip14l-/- embryos was reminiscent of that of the
three Htt deficient mouse lines (Table 3.3) that are also embryonic lethal (Duyao
et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). These three lines primarily
vary in their targeting strategy and also have subtle differences in phenotypes.
The phenotype of the Hip14-/-;Hip14l-/- embryos were particularly reminiscent of
the HttPreex1 (Htt-/-) mice, which have a targeted deletion of the Htt promotor and
exon 1. These mice are embryonic lethal between E8.5-10, slightly later than the
other two Htt deficient lines, and have folded and disorganized extraembryonic
membranes (Zeitlin et al., 1995), similar to that observed in the Hip14-/-;Hip14l-/embryos. The similarity in phenotypes between the Hip14-/-;Hip14l-/- and the Htt-/embryos (Zeitlin et al., 1995) and the fact that HIP14 and HIP14L are the two
primary PATs for HTT (Huang et al., 2011) suggests that the lethality may have a
common origin. Consequently, the morphology of the HttPreex1 deficient embryos
was examined by histology and compared to that of the Hip14-/-;Hip14l-/- embryos
(Figure 3.2 J-L).
Table 3.3: Comparison of the phenotype of Hip14-/-;Hip14l-/- embryos to that
of Hdh-/- embryos.
	
  	
  

Hdhex5	
  (Nasir	
   Hdhex4-‐5	
  
HdhPreex1	
  
Hip14-‐/-‐
et	
  al.,	
  1995)	
   (Duyao	
  et	
  al.,	
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  et	
  al.,	
   ;Hip14l-‐/-‐	
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Stage	
  of	
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E7.5-‐8.5	
  

E7.5-‐8.5	
  

E8.5-‐10.5	
  

Extraembryonic	
  
membranes	
  

Present	
  but	
  
reduced	
  in	
  
size	
  

Reduced	
  in	
  
size	
  but	
  
grossly	
  
normal	
  

Folded	
  and	
  
Failed	
  A-‐C	
  
disorganized	
   union,	
  
folded	
  and	
  
disorganized	
  

E10-‐11	
  

Two phenotypes of Htt-/- embryos were observed. The first closely
resembled embryos previously described by Zeitlin et al in which gastrulation had
occurred but the embryo did not develop normally along the distal-proximal axis
(Zeitlin et al., 1995) (Figure 3.2J). In these embryos, folding of the yolk sac
visceral endoderm and a bulb shaped allantois was also observed (Figure 3.2I
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and data not shown). In the second phenotype of the Htt-/- embryos (shown in
Figure 3.2K and L) the germ layers had formed but no organs or other structures
had developed. In these embryos, a bulb shaped allantois and a thickened and
disorganized chorionic mesothelium was also observed (Figure 3.2K and L). The
folding of the yolk sac visceral endoderm, the bulb shaped allantois, and the
thickened and disorganized chorionic mesothelium observed in the Htt-/- embryos
are reminiscent of the defect observed in the Hip14-/-;Hip14l-/- embryos. However,
the developmental defects of the Htt-/- embryo are more pronounced than those
in the Hip14-/-;Hip14l-/- embryos. These data indicate that the Hip14-/-;Hip14l-/embryos at least partially phenocopy the Htt-/- embryos.
3.3.6 Palmitoylation of HTT is significantly decreased in Hip14-/-;Hip14l-/mouse embryonic fibroblasts
Since HIP14 and HIP14L are the primary PATs for palmitoylation of HTT and
Hip14-/-;Hip14l-/- embryos partially phenocopy the Htt-/- embryos, we hypothesized
that the defects in the extraembryonic tissues in the Hip14-/-;Hip14l-/- might be
due to loss of HTT function as a result of loss of HTT palmitoylation. To address
this question, ideally HTT palmitoylation levels would have been assessed in the
extraembryonic tissues of Hip14-/-;Hip14l-/- embryos, however, even when pooling
theses tissues among embryos of the same genotype within a litter the small
amount of tissue was not sufficient for immunoprecipitation of HTT. Therefor,
MEF cell lines were generated from three WT and two Hip14-/-;Hip14l-/- E9.5
embryos and ABE assays were performed to compare the levels of HTT
palmitoylation. Cell pellets were lysed and HTT was immunoprecipitated in the
presence of N-ethylmaleimide to block unmodified cysteine residues and
immunoprecipitated HTT was then subjected to the following subsequent
chemical treatments: incubation in neutral hydroxylamine to cleave the thioester
bond between palmitate and cysteine residues and incubation in 2.5 uM biotinBMCC to label newly free cysteines with biotin. HTT was then eluted from the
beads and run on western blot and probed with streptavidin to detect
palmitoylation and with an antibody against HTT to detect total
immunoprecipitated HTT. A significant decrease in HTT palmitoylation of 25%
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was observed in the Hip14-/-;Hip14l-/- cells compared to the WT control cells with
no signal observed as expected in the negative control HAM- lanes (Fig. 5). In
agreement with previously published reports, no change in HTT palmitoylation
was observed in the Hip14-/- or Hip14l-/- MEF cell lines (data not shown)
(Singaraja et al., 2011; Sutton et al., 2013).

Figure 3.5: Palmitoylation of HTT in WT and Hip14-/-;Hip14l-/- MEFs. HTT
acyl-biotin exchange assay were performed to assess HTT palmitoylation levels
in WT and Hip14-/-;Hip14l-/- MEFs. MEF pellets were lysed and HTT was
immunoprecipitated in the presence of N-ethylmaleimide to block unmodified
cysteine residues. Immunoprecipitated HTT was then split in half and half was
treated with hydroxylamine (HAM) to cleave the thioester bond between
palmitate and cysteine residues (HAM+) and the other half was treated with
buffer alone (HAM-). Samples were then treated with biotin-BMCC to label newly
free cysteines with biotin. The HAM- negative control was included to show that
the streptavidin signal is specific to the ABE treatment. HTT was then run on
western blot and probed with streptavidin to detect biotin (palmitoylation) and an
antibody against HTT to detect total immunoprecipitated HTT. The images are a
composite of individual wells from the same Western blot image from one
individual experiment. The quantification of an N of 3 independent experiments of
3 WT and 2 Hip14-/-;Hip14l-/- MEF cells lines is shown in (B). HTT palmitoylation
is calculated as ratio of streptavidin (palmitoylation) signal to total
immunoprecipitated HTT signal. The error bars represent standard error of the
mean and p=0.0007 by Student’s t-test.
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Although HTT palmitoylation in the Hip14-/-;Hip14l-/- cells was significantly
decreased, the change was fairly modest. This may suggest that other PATs are
involved/responsible for the palmitoylation of HTT and are compensating for loss
of HIP14 and HIP14L. Therefore, the level of mRNA expression of all 24 murine
DHHC PATs was determined in WT and Hip14-/-;Hip14l-/- MEFs to determine if
there is upregulation of expression of any of these genes that may provide partial
compensation and palmitoylation of HTT. No expression of Zdhhc11, 14, 19, 22,
23, or 25 was detected using 3 sets of primers each. Figure 3.6 shows mRNA
expression of Hip14, Hip14l, and Zdhhc1-9, 12, 15, 16, 18, 20, 21, and 24. As
expected, a significant decrease in expression of Hip14 and Hip14l was observed
in the Hip14-/-;Hip14l-/- cells. No other significant changes in mRNA expression of
any of the other DHHC PAT genes were observed. These data indicate that none
of the other DHHC PATs are compensating for loss of Hip14 and Hip14l by upregulation of expression at the mRNA level (Figure 3.6).

Figure 3.6. Expression of Hip14, Hip14l, zDhhc1-9, 12, 15, 16, 18, 20, 21, and
24 mRNA in WT and Hip14-/-;Hip14l-/- MEFs by qPCR. Expression is shown
relative to a normalization factor of combined expression of Actb, Hprt1, and
Rpl13a. Error bars represent standard error of the mean. ** p=0.005 and ##
p=0.003.
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3.4

DISCUSSION

We present here a description of a double PAT deficient mouse model and
provide the first report of embryonic lethality in mammals related to the absence
of any DHHC PAT or PATs. The most striking finding of this study is that mice
deficient in both Hip14 and Hip14l phenocopy Htt deficient mice.
Loss of both Hip14 and Hip14l leads to embryonic lethality between E10
and E11 in utero. We identified failed chorioallantoic fusion leading to failure in
placental formation as the cause of this lethality. The defect appears to be in the
chorion where the chorionic mesothelium, which mediates the initial contact with
the allantoic mesoderm (Cross et al., 2003), is thickened and disorganized. In
contrast, the allantois appears to form and extend properly but is unable to fuse
normally, or at all, with the chorionic mesothelium. Subsequently, the allantois
forms a balloon-like shape indicating incomplete or failed chorioallantoic fusion
and occasionally it is found ectopically fused to the yolk sac. Besides these
defects in placental formation, two distinct phenotypes are observed in the
embryos themselves, one a severe phenotype and the other a more mild
phenotype (Figure 3.2). In embryos displaying the severe phenotype, which
occurred in 87.5% of Hip14-/-;Hip14l-/- embryos, early growth retardation occurs
along with a small, tight amniotic membrane that restricts the growth along the
anterior-posterior axis causing the embryo to become disorganized and distorted.
The mild phenotype is observed in 12.5% of Hip14-/-;Hip14l-/- embryos and the
growth of the embryo is not significantly delayed. The factors that influence the
variation in phenotypes are presently unknown but may be due to variation in the
levels of palmitoylation of the various HIP14 and HIP14L substrates.
Palmitoylation of proteins can affect their function or localization. Thus, the
Hip14-/-;Hip14l-/- phenotype is likely due to a functional disruption of a protein
target or targets. One potential target is HTT. HIP14 and HIP14L are the two
primary DHHC PATs that palmitoylate HTT, and mouse models deficient in either
of these genes develop HD-like phenotypes, despite there being no change in
HTT palmitoylation in the brains from these mice (Huang et al., 2011; Singaraja
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et al., 2011; Sutton et al., 2013). The HD-like phenotypes of the Hip14-/- and
Hip14l-/- mouse models likely result from deficient palmitoylation of other neuronal
substrates (Singaraja et al., 2011; Sutton et al., 2013). wtHTT enhances the
enzyme activity of HIP14 towards its substrates in a dose dependent manner,
whereas mHTT does not. Thus, in HD, loss of HIP14 activity leads to the
underpalmitoylation of neuronal HIP14 and HIP14L substrates, including HTT,
which may contribute to the pathogenesis of HD (Huang et al., 2011; Singaraja et
al., 2011). The biological function of HTT palmitoylation and the consequences of
loss of HTT palmitoylation are currently unknown.
Interestingly, the Hip14-/-;Hip14l-/- embryos share many features with the Htt-/embryos, including folding of the yolk sac visceral endoderm, bulb shaped
allantois, and thickened and disorganized chorionic mesothelium. There are two
possible mechanisms underlying the observed similarity in phenotypes between
Hip14-/-;Hip14l-/- and Htt-/- mice: loss of HIP14/HIP14L function leading to
decreased substrate palmitoylation or loss of HTT palmitoylation. The first
possibility is that wtHTT regulates HIP14 and, potentially, HIP14L function, thus,
in the absence of wtHTT or in the absence of HIP14 and HIP14L there would be
aberrant palmitoylation of yet to be determined HIP14 and HIP14L substrates.
There are many other examples of mice deficient in genes that exhibit
failed chorioallantoic fusion and embryonic lethality, for example mice lacking
brachyury (T), α-4 integrin (Itga4), Vcam1, fibroblast growth factor receptor 2
(Fgfr2), and the Hsp40 homolog Dnajb6 (Mrj) all have failed chorioallantoic
fusion, like the Hip14-/-;Hip14l-/- embryos (Cross et al., 2003; Hunter et al., 1999;
Inman and Downs, 2007; Xu et al., 1998). Since palmitoylation of proteins can
affect their function or localization, the Hip14-/-;Hip14l-/- phenotype is likely due to
a functional disruption of a protein target. These proteins, or others, could be
potential HIP14 and HIP14L substrates and loss of palmitoylation of any of these
may contribute to the Hip14-/-;Hip14l-/- phenotype. Although, there was no change
in the mRNA expression of T (data not shown), Itga4, and Vcam1 in the Hip14-/;Hip14l-/- embryos their palmitoylation and localization or function could still be
altered by the loss of Hip14 and Hip14l. Currently, palmitoylation of these
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proteins has not been explored. If that were the case, they would be expected to
be less palmitoylated in Hip14-/-;Hip14l-/- and Htt-/- embryos. Indeed, any of the
proteins mentioned above or others could be substrates of HIP14 and HIP14L
and could be contributing to the phenotype.
The second possible mechanism underlying the observed similarity in
phenotypes between the Hip14-/-;Hip14l-/- and Htt-/- embryos is that reduced HTT
palmitoylation causes the phenotype. This is possible since HIP14 and HIP14L
are the two primary PATs for HTT (Huang et al., 2011). In MEF cells generated
from Hip14-/-;Hip14l-/- embryos, a 25% decrease in HTT palmitoylation was
observed compared to WT MEF cells (Figure 3.5). HTT palmitoylation is
significantly decreased but not completely abolished in this system, which may
be due to compensation by another DHHC PAT in the Hip14-/-;Hip14l-/- MEF cells
that does not occur in the extraembryonic tissues of the developing Hip14-/;Hip14l-/- embryos. Although there was no change in mRNA expression of any
other Zdhhc genes in the Hip14-/-;Hip14l-/- MEFs, there may be compensation
occurring at the protein expression level or at the PAT activity level that cannot
be detected using current techniques.
It is likely that in the Hip14-/-;Hip14l-/- MEF cell lines compensation occurs
following loss of both Hip14 and Hip14l that does not occur in the extraembryonic
tissues of the developing embryo. Different cell types express different Zdhhc
genes at different levels. For example, Zdhhc2, -3, -6, -15, -19, and -23 are not
expressed in human placental tissue despite being expressed at varying levels in
most other tissues tested (Ohno et al., 2006). Interestingly, ZDHHC2, -3, and -23
are among those DHHC PATs that have been shown to have a low level of
palmitoylation activity towards HTT when overexpressed in COS cells with HTT
(120-150% increase in palmitoylation versus the 225-250% increase in
palmitoylation observed with overexpression of HIP14 or HIP14L with HTT)
(Huang et al., 2011). Zdhhc23 was not expressed in the Hip14-/-;Hip14l-/- MEFs
making it an unlikely candidate for a compensatory PAT but Zdhhc2 and 3 are
expressed in these cell lines but not in human placental tissue (Ohno et al.,
2006). ZDHHC3 is an especially good candidate as a compensatory PAT for loss
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of Hip14 and Hip14l in the Hip14-/-;Hip14l-/- MEFs, as it is a promiscuous PAT that
has been shown to have many overlapping substrates and has a low level of
palmitoylation activity towards HTT and is Golgi localized, as are HIP14 and
HIP14L (Huang et al., 2009; Ohno et al., 2006).
Ideally, the levels of HTT palmitoylation would be compared between the
Hip14-/-;Hip14l-/- MEF cell lines and the extraembryonic tissues of Hip14-/-;Hip14l-/embryos to determine if there is a greater decrease in HTT palmitoylation in the
extraembryonic tissues. Unfortunately, the methods currently available are not
sensitive enough to detect HTT palmitoylation in such a small amount of tissue. If
in the future this is possible, it would provide more evidence for the hypothesis
that decreased HTT palmitoylation contributes to the similar phenotypes in the
extraembryonic tissues of the Hip14-/-;Hip14l-/- and the Htt-/- embryos.
In fact, these two mechanism may not be mutually exclusive and both may
be contributing to the observed similarity in phenotypes between Hip14-/-;Hip14l-/and Htt-/- embryos. In the Hip14-/-;Hip14l-/- embryos there is decreased HTT
palmitoylation, which leads to reduced HTT function, as well of loss of the two
PATs, which would lead to decreased palmitoylation of other putative substrates.
Since HIP14 function is impaired following loss of wtHTT (Huang et al., 2011), in
the Htt-/- embryos not only is HTT function completely lost but there would also be
decreased HIP14, and potentially HIP14L, function. It is possible that less
compensation by other PATs occurs in the Htt-/- embryos since HIP14 and
HIP14L are still expressed at their normal levels. This would mean that in the Htt/-

embryos there is actually a greater decrease in palmitoylation of other HIP14

and HIP14L substrates compared to that in the Hip14-/-;Hip14l-/- embryos. This
along with a complete loss of HTT function would explain why the Htt-/phenotype is more severe than the Hip14-/-;Hip14l-/- phenotype.
This is the first description of embryonic lethality in a mouse model
deficient in a DHHC PAT(s) deficient mouse model, demonstrating the
physiological importance of palmitoylation during embryogenesis. The most
compelling finding of this study is the phenotypic overlap with the Htt-/- mice and
102

the evidence that HIP14 and HIP14L are important for development of the
extraembryonic membranes and the placenta.
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4 ABERRANT PALMITOYLATION IN HD MOUSE
MODELS4
4.1

INTRODUCTION

HD is an autosomal dominant adult onset neurodegenerative disease caused by
an expansion of a normally occurring CAG repeat in the N-terminus of the HTT
gene resulting in a poly-Q expansion in the HTT protein of more than 35 repeats
(Group, 1993; Roos, 2010; Sturrock and Leavitt, 2010). HD is characterized by
the progressive degeneration of the striatum with more widespread degeneration
occurring at later stages and by motor, cognitive, and psychiatric symptoms
(Roos, 2010; Sturrock and Leavitt, 2010). The average age of onset is 50 years
of age with death occurring on average 15-20 years after onset (Roos, 2010;
Sturrock and Leavitt, 2010).
HTT was shown to be palmitoylated in 2006 and mHTT in the YAC128
mouse model of HD was shown to be less palmitoylated (Yanai et al., 2006).
Palmitoylation is the post-translational addition of a long chain saturated fatty
acid, usually the 16-carbon palmitate, to proteins on cysteine residues via a
reversible thioester bond (Hallak et al., 1994; Smotrys and Linder, 2004).
Palmitoylation modulates membrane localization, function, protein-protein
interactions, and other PTMs of palmitoyl-proteins and many proteins, including
HTT, are dynamically palmitoylated and (Young et al., 2012). HTT was later
shown the be palmitoylated by and to interact with the PAT HIP14 (Huang et al.,
2011; 2004; Singaraja et al., 2002). HIP14 was particularly interesting for further
study as it interacts less with mHTT (Singaraja et al., 2002). At the same time the
HIP14 homolog HIP14L was identified based on its high amino acid sequence
similarity to HIP14 and was later shown to also be a bona fide HTT interactor that
also interacts less with mHTT (Singaraja et al., 2002; Sutton et al., 2013). HIP14

4

The BACHD and Hu97/18 analysis from this chapter is being prepared for
publication in a manuscript describing additional characterization of the Hu97/18
mice currently titled “Delineation of novel pre-clinical endpoints in humanized
Hu97/18 HD model mice.” All experimental design, palmitoylation assays, and
data analysis by SSS.
104

and HIP14L were shown to be the two primary PATs for HTT in cellulo (Huang et
al., 2011). These PATs are unique among the large family of DHHC-domain
containing PATs in that they are the only two of 23 that have six TMDs and
seven ankyrin repeats, which mediate the interaction with HTT (Huang et al.,
2011; Ohno et al., 2006; Young et al., 2012).
Subsequently mice deficient in these genes were generated, namely the
-/-

Hip14 and Hip14l-/- mice (Singaraja et al., 2011; Sutton et al., 2013).
Interestingly, both of these mouse models develop HD-like phenotypes that are
reminiscent of the YAC128 phenotypes, including motor coordination deficits and
selective striatal volume loss. Surprisingly, HTT palmitoylation was not affected in
either of these mouse models, suggesting that these enzymes are able to
compensate for loss of each other to palmitoylate HTT. It is believed that the
similarities between these the Hip14-/- and Hip14l-/- mice and the YAC128 mice
are due to altered palmitoylation of substrates other than HTT (Singaraja et al.,
2011; Sutton et al., 2013). Indeed, HIP14 has been shown to be dysfunctional in
the presence of the HD mutation towards its other substrates and as HIP14L is
structurally identical, it may be as well (Huang et al., 2011).
Thus loss of interaction with HTT results in dysfunction of HIP14, and
possible HIP14L as well, in the presence of the HD mutation in the YAC128
mouse model, which may lead to aberrant palmitoylation of HTT itself and of
other HIP14 and HIP14L substrates. Indeed, in a proteomics study comparing
the palmitoyl proteomes of WT and YAC128 mice, YAC128 mice were found to
have fairly widespread alterations in the levels of palmitoylated proteins (Wan et
al., 2013). Also, GAD65 was shown to be less palmitoylated in the R6/2 mouse
model of HD that expresses expanded mutant exon one of HTT (Rush et al.,
2012) and the glutamate transporter GLT1 was shown to be less palmitoylated in
the YAC128 mouse model (Huang et al., 2010).
Here the palmitoylation of HTT, of the HIP14 and HIP14L substrates
SNAP25 and GAD65, and of the HIP14 substrate PSD-95 is assessed in a low
throughput, high confidence manner in the YAC128 mouse model of HD to
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confirm that palmitoylation is altered in HD. This is further confirmed in the
following two other HD mouse models: the BACHD mouse that contains fulllength human HTT on a bacterial artificial chromosome with 97 CAG repeats and
the Hu97/18 humanized mouse that contains human WT HTT with 18 CAGs on a
yeast artificial chromosome (the YAC18), the BACHD transgene, and no mouse
Htt (Gray et al., 2008; Southwell et al., 2013).
4.2

MATERIALS AND METHODS

4.2.1 Mice and genotyping
All mice in this study were on the FVB/N strain. The YAC128 mice used were
eight month old males and were genotyped as previously described (Hodgson et
al., 1996; Slow, 2003). The BACHD, Hu18/18, and Hu97/18 mice used were six
month old males and were bred and genotyped as previously described (Gray et
al., 2008; Southwell et al., 2013). The University of British Columbia Committee
on Animal Care approved all procedures.
4.2.2 Antibodies
The primary antibodies used were HTT mouse monoclonal antibody (MAB2166,
Millipore, 1:1000 for immunoblotting), HTT rabbit polyclonal antibody (in-house
rabbit BKP1 for immunoprecipitation), human specific HTT mouse monoclonal
antibody (in-house HD650 for immunoprecipitation), SNAP25 monoclonal
antibody (SMI81, Covance for immunoprecipitation), SNAP25 polyclonal antibody
(111 002, Synaptic Systems, 1:1000 for immunoblotting), PSD-95 monoclonal
antibody (MA1-046, Thermo Scientific, 1:1000 for immunoblotting), PSD-95
polyclonal antibody (in-house for immunoprecipitation), GAD65 polyclonal
antibody (ABN101, Millipore, for immunoprecipitation or 1:1000 for
immunoblotting), and GAD65 monoclonal antibody (GAD-6, Developmental
Studies Hybridoma Bank for immunoprecipitation or 1:1000 for immunoblotting).
Fluorescently conjugated secondary antibodies for immunoblotting used were
IRDye 800CW goat anti-Mouse (610-131-121, Rockland, 1: 5000) and IRDye
800CW goat anti-Rabbit (610-131-002, Rockland, 1: 5000). Alexa Fluor 680
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conjugated to streptavidin (S-32358, Life Technologies, 1:10000) was used to
detect biotin.
4.2.3 Acyl-biotin exchange palmitoylation assay and western blotting
analysis
ABE palmitoylation assays were performed on frozen whole brain samples from
WT, YAC128, BACHD, and Hu97/18 male mice as previously described (Drisdel
and Green, 2004; Huang et al., 2009). Briefly, brains were harvested and
immediately frozen and stored at -80°. Frozen brains were then homogenized on
ice in 8 mL lysis buffer (150 mM NaCl, 50 mM Tris, 5 mM
ethylenediaminetetraacetic acid, 0.1% SDS, 1% triton X-100, pH 7.4) with 100
mM (Sigma-Aldrich, St. Louis, MO, USA). Homogenates were sonicated for 7
seconds at 30% power to shear DNA and the insoluble material was removed by
centrifugation at 14000 revolutions per minute for 15 minutes. HTT, PSD-95, and
GAD65 were immunoprecipitated from brain lysates by overnight incubation with
Protein G Dynabeads® (Life Technologies, Carlsbad, CA, USA) and antibodies
for immunoprecipitation (BKP1, polyclonal anti-PSD-95, and monoclonal antiGAD65, respectively). SNAP25 was immunoprecipitated from brain lysates by
overnight incubation with Protein G PureProteome™ magnetic beads (Millipore,
Damstadt, Germany) and SMI81 anti-SNAP25 antibody. Beads were then
washed and split into two and treated with neutral pH hydroxylamine (HAM+;
Sigma-Aldrich, St. Louis, MO, USA) in lysis buffer or just lysis buffer (HAM-) for
two hours for HTT and one hour for the other three proteins at room temperature.
Following HAM treatment beads were washed and treated with 2.5 uM EZ-Link
BMCC-Biotin (Thermo Fisher Scientific, Waltham, MA, USA) in pH 6.2 lysis
buffer for one hour at 4°. At the end of the BMCC-Biotin treatment beads were
washed and then heated at 70° with 1X NuPAGE LDS Sample Buffer (Life
Technologies, Carlsbad, CA, USA) and 100 mM fresh dithiothreitol (SigmaAldrich, St. Louis, MO, USA) to elute the protein.
Supernatants from HTT assays were run on NuPAGE® Novex® 3-8%
Tris-Acetate gels (Life Technologies, Carlsbad, CA, USA) and supernatants from
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the other three proteins were run on homemade gels, transferred to
nitrocellulose, and blocked with 5% milk in Phosphate Buffered Saline (PBS).
Primary antibody dilutions of HTT MAB2166, SNAP25 polyclonal, PSD-95
monoclonal, and GAD65 polyclonal in 5%BSA PBST (5% Tween-20) were
applied to the immunoblots at room temperature for one hour. The appropriate
secondary antibodies and and Alexa Fluor® 680 conjugated streptavidin were
applied in 5% BSA PBST for an hour. Fluorescence was scanned and quantified
with Odyssey Infrared Imaging system (Li-COR Bioscience; Lincoln, NE, USA)
and quantified using the Li-COR software. Palmitoylation was analyzed as a ratio
of HAM+ palmitoylation signal to total immunoprecipitated protein signal and
normalized to the wild type control condition. Data were analyzed using the
Student’s t-test or One-Way ANOVA (Analysis of Variance). Error bars are in
standard error of mean.
4.3

RESULTS

4.3.1 Mutant HTT palmitoylation is decreased in the YAC128, BACHD, and
Hu97/18 HD mouse models
Since methods to assess palmitoylation levels have become more sensitive and
because palmitoylation of wtHTT in YAC128 mice has never been assessed,
palmitoylation of WT and mHTT in the YAC128 HD was model was determined
(Yanai et al., 2006). Palmitoylation of Q7 endogenous wtHTT in the YAC128
mice was decreased by 18% compared to Q7 HTT in WT mice (Figure 4.1). As
expected palmitoylation of Q128 mHTT in the YAC128 mice was decreased by
69% compared to Q7 HTT from WT mice (Figure 4.1).
To validate the results from the YAC128 mice in another HD mouse
model, palmitoylation of HTT was assessed in another full-length HD mouse
model the BACHD mice. Palmitoylation of Q7 HTT in the BACHD mice was
unchanged compared to Q7 HTT in the WT mice but palmitoylation of Q97 mHTT
was decreased by 68% (Figure 4.1). These data were further validated in a third
HD mouse model, the humanized Hu97/18 mice. As in the BACHD mice
palmitoylation of Q18 HTT in the Hu97/18 mice was unchanged compared to that
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of the Hu18/18 mice but palmitoylation of Q97 mHTT in the Hu97/18 mice was
decreased by 43% compared to Hu18/18 mice (Figure 4.1).
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Figure 4.1: Mutant HTT palmitoylation is decreased in the YAC128, BACHD,
and Hu97/18 mouse models of HD. Total brain lysates from eight month old
WT and YAC128 and six month old WT, BACHD, Hu18/18, and Hu97/18 mice
were subjected to the ABE assay and ran on allele separating gels to separate
WT and mHTT. The palmitoylation signal of one representative image is shown
in the top panel of each set of genotypes and the total HTT immunoprecipitated
is shown in the bottom panel (A). The negative control hydroxylamine minus
treatment is shown on the left of each set of blots. wtHTT is the lower band and
mHTT is the upper band in each set. The quantification of four to five individual
mice of all genotypes is shown in and was calculated as a ratio of palmitoylation
signal over total protein. (B). MHTT was quantified separately from wtHTT and is
represented by black bars and wtHTT by notched bars in the same mice. wtHTT
in the YAC128 mice was decreased compared to HTT in WT mice and mHTT
was even further decreased (ANOVA F(2,12)=66.36, p<0.0001; N=5). MHTT in
the BACHD mice was decreased compared to wtHTT from WT or BACHD mice
(ANOVA F(2,12)=71.27, p<0.0001; N=4-5). MHTT in the humanized Hu97/18
mice was also decreased compared to WT humanized mice or wtHTT from the
Hu97/18 mice (ANOVA F(2,12)=19.36, p=0.0002; N=5). * p<0.05, ** p<0.01. ***
p<0.0001. All images are composites from the same blot.
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4.3.2 SNAP25 palmitoylation is decreased in the YAC128, BACHD, and
Hu97/18 HD mouse models
Since SNAP25 is a HIP14 and a HIP14L substrate and its palmitoylation was
previously shown to be decreased in both the Hip14-/- and Hip14l-/- mice, its
palmitoylation was assessed in all three HD mouse models (Singaraja et al.,
2011; Sutton et al., 2013). Palmitoylation of SNAP25 was decreased in the
YAC128 mice compared to WT mice by 29% (Figure 4.2). To validate the results
from the YAC128 mice in another HD mouse model, palmitoylation of SNAP25
was assessed the BACHD mice. SNAP25 palmitoylation was decreased by 40%
in the BACHD mice compared to WT mice (Figure 4.2). These data were further
validated in a third HD mouse model, the humanized Hu97/18 mice. As in both
the BACHD and YAC128 mice palmitoylation of SNAP25 was decreased by 45%
compared to Hu18/18 mice (Figure 4.2).
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Figure 4.2: SNAP25 palmitoylation is decreased in the YAC128, BACHD,
and Hu97/18 mouse models of HD. Total brain lysates from eight month old
WT and YAC128 and six month old WT, BACHD, Hu18/18, and Hu97/18 mice
were subjected to the ABE assay. The palmitoylation signal of one representative
image is shown in the top panel of each set of genotypes and the total SNAP25
immunoprecipitated is shown in the bottom panel (A). The negative control
hydroxylamine minus treatment is shown on the left of each set of blots. The
quantification of four to five individual mice of all genotypes is shown and was
calculated as a ratio of palmitoylation signal over total protein (B). Palmitoylation
of SNAP25 in the YAC128 mice was decreased compared to that in WT mice
(Student’s t-test, p=0.031, N=5). SNAP25 palmitoylation was also decreased in
the BACHD mice compared to WT mice (Student’s t-test, p=0.0017, N=5). In the
humanized Hu97/18 mice SNAP25 palmitoylation was decreased as well
compared to that in WT humanized Hu18/18 mice (Student’s t-test, p=0.041,
N=4-5). *	
  p<0.05,	
  **	
  p<0.01.	
  ***	
  p<0.0001.	
  All images are composites from the
same blot.
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4.3.3 PSD-95 palmitoylation is decreased in the YAC128, BACHD, and
Hu97/18 HD mouse models
Since PSD-95 is a HIP14 substrate and its palmitoylation was previously shown
to be decreased in the Hip14-/- mice, its palmitoylation was assessed in all three
HD mouse models (Singaraja et al., 2011). Palmitoylation of PSD-95 was
decreased in the YAC128 mice compared to WT mice by 33% (Figure 4.3). To
validate the results from the YAC128 mice in another HD mouse model,
palmitoylation of PSD-95 was assessed in the BACHD mice and was found to be
decreased by 24% in the BACHD mice compared to WT mice (Figure 4.3).
These data were further validated in the humanized Hu97/18 mice. As in both the
BACHD and YAC128 mice palmitoylation of PSD-95 was decreased by 23% in
the Hu97/18 mice compared to that in the Hu18/18 mice (Figure 4.3).
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Figure 4.3: PSD-95 palmitoylation is decreased in the YAC128, BACHD, and
Hu97/18 mouse models of HD. Total brain lysates from eight month old WT
and YAC128 and six month old WT, BACHD, Hu18/18, and Hu97/18 mice were
subjected to the ABE assay. The palmitoylation signal of one representative
image is shown in the top panel of each set of genotypes and the total PSD-95
immunoprecipitated is shown in the bottom panel (A). The negative control
hydroxylamine minus treatment is shown on the left of each set of blots. The
quantification of five to six individual mice of all genotypes is shown and was
calculated as a ratio of palmitoylation signal over total protein (B). Palmitoylation
of PSD-95 in the YAC128 mice was decreased compared to that in WT mice
(Wilcoxon signed rank test, p=0.031, N=6). PSD-95 palmitoylation was also
decreased in the BACHD mice compared to WT mice (Student’s t-test, p=0.020,
N=5). In the humanized Hu97/18 mice PSD-95 palmitoylation was decreased as
well compared to that in WT humanized Hu18/18 mice (Student’s t-test, p=0.013,
N=4-5). *	
  p<0.05,	
  **	
  p<0.01.	
  ***	
  p<0.0001.	
  All images are composites from the
same blot.
4.3.4 GAD65 palmitoylation is not changed in the YAC128, BACHD, and
Hu97/18 HD mouse models
Since GAD65 is a HIP14 and a HIP14L substrate and its palmitoylation was
previously shown to be decreased in the R6/2 HD mouse model, its
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palmitoylation was assessed in all three HD mouse models (Huang et al., 2009;
Rush et al., 2012). Palmitoylation of GAD65 unchanged in the YAC128, BACHD,
and Hu97/18 mice compared to WT (Figure 4.4). There appeared to be two
palmitoylated GAD65 bands in the BACHD and Hu97/18 mice, possibly
representing monoacylated and diacylated forms of GAD65 (Figure 4.4).

115

Figure 4.4: GAD65 palmitoylation is unchanged in the YAC128, BACHD, and
Hu97/18 mouse models of HD. Total brain lysates from eight month old WT
and YAC128 and six month old WT, BACHD, Hu18/18, and Hu97/18 mice were
subjected to the ABE assay. The palmitoylation signal of one representative
image is shown in the top panel of each set of genotypes and the total PSD-95
immunoprecipitated is shown in the bottom panel (A). The negative control
hydroxylamine minus treatment is shown on the left of each set of blots. The
quantification of five individual mice of all genotypes is shown and was calculated
as a ratio of palmitoylation signal over total protein (B). Palmitoylation of GAD65
was unchanged in the YAC128, BACHD, and Hu97/18 mice compared to that in
WT mice (Student’s t-test; p=0.56, p=0.53, and p=0.31, respectively; N=3-5).	
  All
images are composites from the same blot.
4.4

DISCUSSION

HTT is palmitoylated and mHTT in the YAC128 mouse model of HD was
previously shown to be less palmitoylated compared to human wtHTT from the
YAC18 mice (Yanai et al., 2006). It is believed that the similarities between the
Hip14-/- and Hip14l-/- mice and the YAC128 mice are due to altered palmitoylation
of substrates other than HTT but that loss of palmitoylation of HTT also plays a
role in HD (Singaraja et al., 2011; Sutton et al., 2013). Indeed, the YAC128 mice
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were found to have fairly widespread alterations in the levels of palmitoylated
proteins, including SNAP25, PSD-95, GAD65, and GLT1 (Huang et al., 2010;
Rush et al., 2012; Wan et al., 2013). Here the palmitoylation of HTT and of the
HIP14 and/or HIP14L substrates SNAP25, PSD-95 and GAD65 was assessed in
a low throughput, high confidence manner in the YAC128, BACHD, and Hu97/18
mouse models of HD.
As expected, in all three mouse models of HD mHTT palmitoylation was
decreased both compared to littermate control mice and compared to the WT
allele within the same mouse. Only in the YAC128 mouse was palmitoylation of
the WT allele decreased in the presence of the HD mutation, i.e. in the same
mouse, and even then it was only by 18%. This is in contrast to the 43-68%
decrease in mHTT palmitoylation compared to WT mice. This may be because it
is not until very high CAG repeats that palmitoylation of the WT allele is affected
by loss of HIP14 and possibly HIP14L function and may reflect the collective
remaining PAT activities of the two enzymes. Alternatively, an additional PAT
may also be compensating to palmitoylate wtHTT.
A confounding factor in the YAC128 and BACHD mouse models is the
presence of two alleles of wtHTT in addition to the one allele of mHTT. It would
be very interesting to know what occurs in the human situation, i.e. where there
is one allele of WT and one allele of mHTT, or in a YAC128 or BACHD mouse
with only one copy of wtHTT. Would palmitoylation of wtHTT be further
decreased in these situations? What about palmitoylation of mHTT? The
Hu97/18 mouse is the most like the human situation. When HTT protein levels
are assessed the total HTT levels are similar to WT mice; however, the Hu18/18
mice are haploinsufficient as they express less WT human HTT than a mouse
expresses murine HTT (Southwell et al., 2013). It would also be interesting to
assess palmitoylation of HTT in Hu97/18 mice compared to WT mice instead of
compared to Hu18/18 mice, as was done here.
The effect on wtHTT palmitoylation may also be due to aggregate formation.
The YAC128 mice form aggregates whereas the BACHD do not (Pouladi et al.,
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2012). If wtHTT and potentially HIP14 and HIP14L are being pulled into the HTT
aggregate via interaction with mHTT this may explain why there is a decrease in
wtHTT palmitoylation in the YAC128 mice but not in the BACHD mice.
The palmitoylation of SNAP25 was decreased in all three mouse models,
as expected. As SNAP25 is a substrate of both HIP14 and HIP14L and the
function of HIP14, and possibly HIP14L, is decreased in the presence of the HD
mutation it is expected that its palmitoylation would be decreased in HD mouse
models (Fukata et al., 2004; Huang et al., 2011; 2004; Sutton et al., 2013).
Palmitoylation is not abolished, which is also not unexpected given that SNAP25
is palmitoylated by other PATs. It is possible that palmitoylation of SNAP25 is
more dependent on HIP14 and HIP14L in certain cell types or at certain
subcellular localizations.
Palmitoylation of PSD-95 was also decreased in all three mouse models
of HD. This is also expected as PSD-95 is a HIP14 substrate and it was
previously shown that its palmitoylation is decreased in the YAC128 mice in the
palmitoyl proteomics study (Wan et al., 2013). Again, palmitoylation was not
abolished which is not unexpected given that PSD-95 is palmitoylated by other
PATs. Again, as with SNAP25, it is possible that palmitoylation of PSD-95 is
more dependent on HIP14 in certain cell types or at certain subcellular
localizations.
GAD65 palmitoylation was not changed in any of the three mouse models.
This is slightly unexpected as in the R6/2 HD mouse model GAD65
palmitoylation was decreased. However, the R6/2 mouse model is a HTT
fragment mouse model that expresses mutant exon1 of HTT and as a result it
has a much more severe phenotype. In this mouse autopalmitoylation of HIP14
was almost completely abolished suggesting much more severe HIP14
dysfunction which may explain why there is a much greater affect on GAD65
palmitoylation. The data presented here is agreement with the data from the
palmitoyl proteomics study in YAC128 mice where there was no change in
palmitoylation of GAD65.
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This study provides further support for aberrant palmitoylation in HD
mouse models and is the first study to examine palmitoylation of wtHTT in the
presence of mHTT. It will be interesting to apply these findings to a human
situation to determine if palmitoylation is also disturbed in human HD samples.
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5 LOSS OF THE HUNTINGTON DISEASE-ASSOCIATED
PALMITOYLACYLTRANSFERASE HIP14 IN
ADULTHOOD LEADS TO SUDDEN UNEXPLAINED
DEATH IN EPILEPSY, MOTOR DEFICITS, AND
INCREASED ESCAPE RESPONSE5
5.1

INTRODUCTION

HD is an autosomal dominant neurodegenerative disease characterized by the
selective degeneration of the striatum and motor, cognitive, and psychiatric
disturbances (Roos, 2010; Sturrock and Leavitt, 2010). HD is fatal with death
occurring 15-20 years after onset, on average, at 50 years of age. There are
currently no disease modifying therapies, only those directed at symptom
management (Roos, 2010; Sturrock and Leavitt, 2010). The prevalence of HD
has recently been estimated at 13.7 per 100,000 with 81.6 per 100,000 at a 25%
to 50% risk in the general population (Fisher and Hayden, 2014). Thus identifying
and validating new potential drug targets for the treatment of HD is very
important.
HD is caused by a CAG repeat expansion mutation in the HTT gene that
results in a poly-Q expansion in the HTT protein (Group, 1993). wtHTT is posttranslationally modified in many different ways, including phosphorylation,
acetylation, palmitoylation, SUMOylation, ubiquitination, and proteolytic cleavage
(Ehrnhoefer et al., 2011). For many of these PTMs, the mutation in HTT alters
them in some way leading to loss of function or a toxic gain of function of the
HTT protein (Ehrnhoefer et al., 2011). Palmitoylation is the reversible S-acylation
of proteins at cysteine residues by long chain fatty acids. It is often called

5

This chapter is being prepared for publication. Sanders, S.S., Parsons, M.P.,
Southwell A.L., Mui, K.K.N., Franciosi, S., Raymond L.A., and Hayden, M.R. All
experimental design, western blots; behavior testing, except rotarod,
spontaneous activity, and climbing, western blots, and all data analysis, except of
electrophysiology data, by SSS.
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palmitoylation due to the fact that palmitate, the 16-C fatty acid, is the most
common fatty acid in the cell (Hallak et al., 1994; Smotrys and Linder, 2004).
HTT is palmitoylated at Cys214 and mHTT is less palmitoylated. Further
reducing palmitoylation increases toxicity and aggregation of mHTT (Yanai et al.,
2006).
S-palmitoylation is mediated by a family of DHHC-domain containing
PATs that palmitoylated proteins at cysteine residues via a thioester bond
(Huang et al., 2004; Ohno et al., 2006). HTT is palmitoylated by huntingtin
interacting protein 14 (HIP14) and HIP14-like (HIP14L) (Huang et al., 2011;
2004). When HTT is mutated it interacts less with both enzymes and wtHTT but
not mHTT was found to modulate the activity of HIP14 (Huang et al., 2011;
Singaraja et al., 2002; Sutton et al., 2013). Interestingly, the constitutive Hip14
deficient mouse model (Hip14-/-) has an HD-like phenotype similar to that of the
YAC128 mouse model of HD, including selective degeneration of the striatum
and motor deficits (Singaraja et al., 2011). The YAC128 mouse model is a
transgenic mouse that expresses the full human HTT gene with 128 CAG
repeats and accurately recapitulates many features of HD (Ehrnhoefer et al.,
2009; Slow, 2003; Van Raamsdonk, 2005b).
Although the Hip14-/- mouse has an HD-like phenotype, it is developmental
and non-progressive unlike the adult-onset, progressive phenotype of the
YAC128 mice (Singaraja et al., 2011; Slow, 2003; Van Raamsdonk, 2005b). In
fact, the selective degeneration of the striatum occurs during development,
before the mouse is born, where increased cell death was observed at day 14.5
in utero in the developing striatum and decreased striatal volume was observed
at day 17.5 in utero (Singaraja et al., 2011). Since altered HIP14 function will
occur throughout the animal’s life in the presence of the HD mutation rather than
just during development, we sought to determine the consequences of loss of
Hip14 in the adult animal. An inducible Hip14 deficient mouse model was
generated and Hip14 deletion was induced in the young adult mouse.

121

5.2

MATERIALS AND METHODS

5.2.1 Generation of Hip14 inducible knockout mice
Xenogen Bioscienes (now Taconic) generated the Hip14 “floxed” mice (Hip14F)
on the FVB/N background strain. The 5’ and 3’ homology arms and the
conditional knockout region (cKO) region were amplified from bacterial artificial
chromosome DNA and inserted into the targeting vector at the indicated
restriction enzyme sites such that the cKO region was flanked by loxP sites
(Figure 5.1A). A positive selection Neo cassette was included and flanked by
flippase (Flp) recognition target (FRT) sites and a negative selection cassette
diphtheria toxin A (DTA) was also included to select against random insertion
(Figure 5.1A). Male FVB/N embryonic stem cells were electroporated with the
targeting vector and selected using G418 resistance and screened for
homologous recombination at the 5’ and 3’ homology arms with the WT allele
(Figure 5.1B) by restriction enzyme digest and southern blot and PCR. The neo
cassette was then removed in positive clones by electroporation with Flp
recombinase to mediate recombination between the FRT sites and generate the
recombined Hip14F allele (Figure 5.1C). Neo cassette deletion was confirmed by
G418 sensitivity and PCR. Hip14F embryonic stem cells were then injected into
C57BL/6J blastocysts to generate male chimeras that were bred with FVB/N
females. Resulting white coat progeny indicated germline transmission and those
mice were genotyped using the following primers: the forward primer in the 5’
homology arm in intron 1 (5’-GGAGAATGGTTAGGAAAAGCTCGTACC-3’) and
the reverse primer in the cKO region in intron 1 upstream of the first loxP site (5’GAGGAAAGCATGCAAGAGCACTTCTC-3’).
The Hip14F/F mice were then crossed to a ubiquitous tamoxifen (TM)
inducible Cre expressing line, the Cre-ERT2 line (Ruzankina et al., 2007), to
generate mice in which Hip14 can be deleted at any time point (Hip14F/F;CreERT2). The primers used to genotype at the Cre-ERT2 transgene were as follows:
5’-GCGGTCTGGCAGTAAAAACTATC-3’ and 5’GTGAAACAGCATTGCTGTCACTT-3’. Gene deletion was induced using a five122

day TM treatment paradigm. Mice were given a single intraperitoneal injection
once a day for five days at a dose of 0.2 mg TM/g body weight in 98% corn oil
with 2% ethanol (iHip14F/F and iHip14Δ/Δ mice) or vehicle alone (WT VEH mice,
98% corn oil with 2% ethanol) as previously described (Ruzankina et al., 2007).
Mice were treated with TM at 6-weeks of age. The University of British Columbia
Committee on Animal Care approved all procedures.
5.2.2 Quantitative real time PCR
Total RNA was isolated from -80⁰C frozen tissues using the RNeasy mini kit
(Qiagen, Venio, Limburg, Netherlands). RNA was treated with DNAse I (Life
Technologies, Carlsbad, CA, USA) to remove residual genomic DNA. cDNA was
prepared from 1 µg total RNA using SuperScript® III First-Strand Synthesis
System (Life Technologies, Carlsbad, CA, USA). Quantitative RT-PCR (qPCR)
on the mouse Hip14 gene using primers spanning exons 1 and 2 (5’ACCCGGAGGAAATCAAACCACAGA-3’ and 5’TACATCGTAACCCGCTTCCACCAA3’) was performed using Power SYBR
Green PCR master mix (Applied Biosystems, Life Technologies, Carlsbad, CA,
USA) in ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Life
Technologies, Carlsbad, CA, USA) under default conditions. Each sample was
run in triplicate. Expression levels for mRNA were normalized to beta-actin.
5.2.3 Antibodies
The primary antibodies used were HIP14 polyclonal antibody (in house, 1:400 for
immunoblotting), β-tubulin monoclonal antibody (T8328, Sigma, 1:5000 for
immunoblotting), and NeuN antibody (Millipore, 1:1000 for
immunohistochemistry). Biotinylated anti-mouse antibody (Vector Laboratories,
1:1000 for immunohistochemistry) was used as a secondary antibody for
immunohistochemistry. Fluorescently conjugated secondary antibodies for
immunoblotting used were Alexa Fluor 680 goat anti-Rabbit (A21076, Molecular
Probes, 1:10000) and IRDye 800CW goat anti-Mouse (610-131-121, Rockland,
1: 2500).
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5.2.3.1

Tissue lysis, and western blotting analysis

Tissues were homogenized on ice for 5 min in one volume 1% SDS TEEN
[TEEN: 50 mM Tris pH 7.5, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, and 1X
complete protease inhibitor cocktail (Roche)] and subsequently diluted in four
volumes 1% TritonX-100 TEEN for 5 min for further homogenization. Samples
were sonicated at one time at 20% power for 5 seconds to shear DNA and the
insoluble material was removed by centrifugation at 14000 revolutions per minute
for 15 min.
Proteins in both the cell lysates were heated at 70°C in 1 x NuPAGE LDS
sample buffer (Invitrogen) with 10 mM DTT before separation by SDS-PAGE.
After transfer of the proteins onto nitrocellulose membrane, immunoblots were
blocked in 5% milk TBS (TBS: 50 mM Tris pH 7.5, 150 mM NaCl). Primary
antibody dilutions of HIP14 polyclonal antibody and β-tubulin monoclonal
antibody in 5%BSA PBST (Bovine Serum Albumin, Phosphate Buffered Saline
with 5% Tween-20) were applied to the immunoblots at 4°C overnight.
Corresponding secondary antibodies were applied in 5% BSA PBST for an hour.
Fluorescence was scanned and quantified with Odyssey Infrared Imaging system
(Li-COR Bioscience) and quantified using the Li-COR software. All error bars are
standard error of mean.
5.2.4 Behaviour
All behavioral testing was performed with the tester blind to genotypes. All mice
were only given a particular test once at three months of age (six weeks post TM
injection). All of the apparatuses were cleaned between individual mice using
ethanol.
5.2.4.1

Med Associates spontaneous activity

Spontaneous activity in the dark was measured using the Med Associates activity
monitoring system (Med Associates Inc., St Albans, VT, USA) as previously
described (Slow, 2003). Briefly, no later than one hour after the beginning of the
dark cycle following one hour of acclimatization to the room, mice were placed in
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the center of the testing chamber and allowed to freely move about and explore
for half an hour. A number of automated readouts were recorded. Ambulatory
time is the total time the mouse spent moving and ambulatory episodes are the
number of times the mouse begins ambulating from a resting position.
5.2.4.2

Rotarod and climbing

Fixed and accelerating rotarod was used to assess motor coordination (UGO
Basile, Comerio, Italy) as previously described (Slow, 2003). Mice were trained
once a day for three days on the fixed speed 18-rpm rotarod for 120 s and the
number of falls and latency to the first fall was recorded. On the fourth day mice
are tested on the accelerating rotarod that accelerates from 5 to 40 rpm over 300
s and latency to fall is recorded. The average of three trials is reported
Motor coordination was also tested on the climbing apparatus as
previously described (Southwell et al., 2009). Mice were placed inside closed top
wire mesh cylinder (10x15 cm) on the tabletop and were allowed to freely explore
the apparatus for 300 s while being video recorded. A climbing event was
recorded when all four paws were lifted off the surface of the tabletop and a
rearing event was recorded when the two front paws came off the surface of the
tabletop. Climbing time was recorded as the total time from when the fourth paw
left the tabletop to when the first paw touched back down.
5.2.4.3

Pre-pulse inhibition

Acoustic startle and PPI were performed using the Startle Response System
(Sand Diego Instruments) as previously described (Van Raamsdonk, 2005b).
Mice are placed in a startle chamber and allowed to acclimatize to the chamber
with background noise for five minutes. Mice are then exposed to six trials of a
40 ms, 120 dB startle pulse to test the acoustic startle response. Mice are then
exposed to eight blocks of six (48 trials in total) pseudorandomized trials of (1) no
stimulus, (2) the 40 ms 120 dB startle pulse alone, or (3-6) the 40 ms 120 dB
startle pulse preceded 100 ms by a 20 ms pre-pulse of two, four, eight, or 16 dB
above background. An extra 40 ms 120 dB pulse was given in four of the eight
blocks. Finally, the mice are then exposed to another six trials of the 40 ms 120
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dB startle pulse. The intertrial interval was between eight and 23 s and was
randomized between trials. PPI is the percentage of decrease in the startle
response when a pre-pulse is given prior to the startle pulse and was calculated
as the average of six trials per pre-pulse as follows: PPI=[(startle pulse-alone
startle) - (pre-pulse + startle pulse startle)]/pulse-alone startle.
5.2.4.4

Porsolt forced swim test

The porsolt forced swim was used to test for depressive-like behaviors and was
performed as previously described (Cryan et al., 2002; Porsolt et al., 1977a;
1977b; Pouladi et al., 2008). Briefly, mice were placed in individual cylinders (25
cm tall x 19 cm wide) filled with room temperature water to a depth of 15 cm and
allowed to swim for six minutes while their behavior was recorded with a video
camera placed directly above the cylinders. The first minute the mice were
allowed to acclimatize and for the full last five minutes of the video the behavior
was recorded. The time spent immobile was recorded as any time the mouse
spent not swimming.
5.2.4.5

Open field

Open field spontaneous activity was used as a test for anxiety-like behaviors as
previously described (Southwell et al., 2009). Mice were placed into the lower left
corner of a 50 x 50 cm open black Plexiglas box with 16 cm sides in a brightly lit
room. They were allowed to explore the box and spontaneous activity was
recorded with a ceiling mounted camera for 10 minutes. Videos were
simultaneously scored by Ethovision XT 7 animal tracking software (Noldus) and
the distance travelled, average velocity, time spent in the center, and center
entries were recorded.
5.2.4.6

Elevated plus maze

Elevated plus maze (EPM) was also used as a test of anxiety-like behaviors as
previously described (Southwell et al., 2013). Briefly, mice were placed in the
center of an elevated plus maze 50 cm off the ground with 30 x 10 cm arms two
of which are closed in with 20 cm walls. Mice were allowed to freely explore the
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maze for five minutes while a ceiling mounted camera recorded their
spontaneous activity and Ethovision XT 7 animal tracking software (Noldus)
simultaneously scored the videos. Distance travelled and average velocity (data
not shown) were used to assess exploratory activity. The time spent in the open
arms (open arm duration) and head dips of the edges of the open arms were
used as measures of anxiety.
5.2.4.7

Light-dark box

The light-dark box was used to test for anxiety in an environment where there are
no ways to escape, i.e. a completely enclosed environment. The Gemini
Avoidance System (San Diego Instruments) was used for this purpose with no
cues or shocks used. The door between the two chambers was kept open so
mice could freely explore both sides of the box and on one side a light was shone
through the transparent door to create a brightly lit light box. The door on the
other side was blacked out to create a dark box. Mice were allowed to freely
explore the apparatus and their activity was recorded using a video camera
through the light box side. The total time spent in the light box was used as a
measure of anxiety.
5.2.4.8

Sucrose preference

Sucrose preference was used to test for anhedonia, or the loss of pleasure
seeking behaviors, a symptom of depression, as previously described (Pouladi et
al., 2008; Strekalova et al., 2004). Mice were single housed in a full size cage
and were given ad libitum access to food and to two water bottles. Mice were
allowed to acclimatize to the bottles for one week. On day seven the water in one
of the bottles was replaced with 2% sucrose solution and the mice and both
bottles were weighed. 24 hours later the bottles were weighed again and total
fluid and sucrose intake were calculated as g/kg of body weight. Sucrose
preference was calculated as follows: sucrose preference=(sucrose intake/total
fluid intake)x100.
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5.2.5 Neuropathology
All neuropathological studies were conducted as previously described (Singaraja
et al., 2011; Southwell et al., 2013). To determine brain, cerebellum, and
forebrain weight and all volumetric measurements mice were anesthetized by
intraperitoneal injection of 2.5% avertin and then intracardially perfused with icecold 4% paraformaldehyde. The brains were harvested and post-fixed in 4%
paraformaldehyde for 24 hours at 4°, and then cryopreserved in 30% sucrose in
PBS. To determine the brain weight the olfactory bulbs and brain stem were
removed prior to weighing. The cerebellum was then removed and weighed on
its own. Forebrain weight was calculated as brain weight minus the cerebellum
weight. The forebrain was then flash frozen on dry ice, mounted with Tissue-TEK
O.C.T. compound (Sakura), and sectioned coronally on the cryostat (Microm HM
500 M) into 25 uM free-floating sections. Sections were stored until
immunohistochemical processing in PBS with 0.08% sodium azide.
A series of 25 uM sections spaced 200 uM apart spanning the striatum
were processed for stereological volumetric assessments by staining with NeuN
antibody overnight at room temperature to stain all neurons. Sections were then
stained with biotinylated anti-mouse antibody and the signal was amplified using
the ABC Elite kit (Vector Laboratories) and was detected with diaminobenzidine
(Thermo Scientific). The StereoInvestigator software (Microbrightfield) was used
to determine striatal, cortical, and corpus callosum volumes by tracing the
perimeter of the desired structures and volumes were determined using the
Cavalieri principle.
5.2.6 Electrophysiology
Mice were transferred to UBC’s Animal Research Unit approximately 4-5 weeks
following the TM injections and all electrophysiological experiments were carried
out on mice that were approximately three months old. Briefly, mice were
anesthetized with isofluorane and brains were quickly removed and immediately
placed in an ice-cold cutting solution that contained (mM): 125 NaCl, 2.5 KCl, 25
NaHCO3, 1.25 NaH2PO4, 2.5 MgCl2, 0.5 CaCl2, and 10 glucose. Coronal blocks
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containing the striatum or horizontal blocks containing the hippocampus were
then cut on a vibratome (Leica VT1200S) at 400 µm. The striatal sections were
transferred to artificial cerebrospinal fluid (ACSF), which was the same as the
cutting solution with the exception of 1 mM MgCl2 and 2 mM CaCl2, and were
heated to approximately 32°C for 30-45 minutes. For the hippocampus, sections
were initially transferred to a recovery solution immediately following sectioning.
The recovery solution consisted of (mM): 120 N-methyl-D-glucamine, 2.5 KCl,
1.2 NaH2PO4, 25 NaHCO3, 1 CaCl2, 7 MgCl2, 2.4 sodium pyruvate, 1.3 sodium
ascorbate, 2 Glucose (Rungta et al., 2013; Zhao et al., 2011). After 10 minutes at
32°C, hippocampal sections were then transferred to room temperature ACSF
and allowed an additional 60 minutes to recover. We found that this 10 minute
incubation in the recovery solution dramatically improved cell health and
longevity in the CA1 region.
Following recovery, slices were transferred to a recording chamber with
ACSF perfused at a rate of 2-3 ml/min. In striatal sections, spiny projection
neurons in the dorsal striatum were targeted for recording (Milnerwood et al.,
2013). In hippocampal sections, pyramidal neurons in CA1 were targeted based
on their distinct morphological appearance. For miniature excitatory postsynaptic
current (mEPSC) recordings, picrotoxin (50 µM) and tetrodotoxin (0.5 mM) were
added to the ACSF. For miniature inhibitory postsynaptic currents (mIPSC)
recordings, 6,7-dinitroquinoxaline-2,3-dione (DNQX; 10 µM) and tetrodotoxin (0.5
mM) were added to the ACSF. Glass pipettes (3-6 MΩ) were filled with a
potassium gluconate (KGlu) internal solution for mEPSC recordings (Parsons et
al., 2013). Liquid junction potential (theoretical = -15.6 mV) was left uncorrected.
The internal solution used for mIPSC recording consisted of (mM): 145 CsCl, 1
MgCl2, 10 HEPES, 1 EGTA, 2 MgATP, 0.5 Na2GTP. Voltage clamp recordings
were performed at a holding potential of -70 mV and both mEPSCs and mIPSCs
were filtered at 1kHz and digitized at 20kHz. For EPSC recordings in the
striatum, TTX was omitted as we have previously shown that the large majority of
EPSCs in our coronal slice preparation are action potential-independent
(Kolodziejczyk et al., 2014). Though, while largely action-potential independent,
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these are referred to as spontaneous EPSCs (sEPSCs) in the manuscript to
indicate the lack of TTX. Where applicable, glutamate release was evoked by an
ACSF-filled glass pipette (1 MΩ) placed 200-250 µm dorsal to the recorded cell.
Paired pulse ratios (PPR) were obtained at a -70 mV holding voltage and various
inter-pulse intervals were applied with a stimulus intensity known to generate a
response approximately 30-40% of the maximal response. Basic membrane
properties were obtained within 60 seconds following break-in by monitoring the
current response to a 10 mV voltage step applied in the membrane test feature in
Clampex 10. All electrophysiological recordings were acquired and analyzed
using the pClamp 10 software bundle.
5.2.7 Statistics
Data were analyzed by the Student’s t-test, one-way ANOVA, or 2-way ANOVA
as indicated using Prism 5 software. Error bars are in standard error of the mean.
5.3

RESULTS

5.3.1 Generation of post-development Hip14 deficient mice
To generate Hip14 “conditional knockout” mice exon 2 was selected as the
conditional deletion region (Figure 5.1), as deletion of this region leads to a
frameshift mutation and multiple premature stop codons (Figure 5.1E). A gene
targeting strategy was used to generate Hip14F/F mice that could be crossed to
any Cre recombinase expressing mice to delete Hip14 in a tissue or temporal
specific way (Figure 5.1).
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Figure 5.1: Generation of Hip14 conditional knockout mice. The targeting
vector that was used is shown in A. It was generated using PCR cloning of the 5’
and 3’ homolgy arms (5.5 and 3.2 kbp, respectively) and the deletion region
(cKO) with the indicated restriction enzyme sites added by PCR and used for
cloning into the targeting vector, such that loxP sites are oriented in the same
direction up and downstream of the cKO region. The deletion region, in grey,
includes exon 2 and upsteam and downstream intronic sequence to a total of 1.1
kbp. The targeting vector also includes a positive neomycin (Neo) selection
cassette flanked by frt sites and a negative diptheria toxin A (DTA) selection
cassette outside of the homolgy arms. The WT allele is showin in B with the 5’
and 3’ homolgy arms and the cKO region indicated. The recombined allele
(Hip14F) is shown in C. The Neo cassette was removed during embyronic cell
culture after targeting by electroporation with flp recombinase and negative
selection with G418. The knockout allele following expression of Cre
recombinase is shown in D where recombination between the loxP sites occurs
by the action of Cre leading to deletion of the cKO region, including exon 2,
which leads to a frameshift mutaion (in orange) and multiple premature stop
codons shown in E.
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Hip14F/F mice were crossed to mice expressing Cre-ERT2 under the
human ubiquitin ligase C promotor, a promotor that will result in ubiquitous Cre
expression in all cell types (Ruzankina et al., 2007). The Cre-ERT2 transgene
expresses Cre recombinase fused to a mutated form of the estrogen receptor
that is not activated by estrogen but is activated by the estrogen analogue TM
(Ruzankina et al., 2007). Hip14 deletion was induced in Hip14F/F;Cre+ mice at six
weeks of age by TM treatment (iHip14Δ/Δ from here on). This time point was after
any developmental peaks in HIP14 expression (data not shown) and allowed
enough time for the mice to recover from any TM toxicity prior to behavior testing
at three months of age.
mRNA and protein levels were assessed at 10-days post and six weeks
post induction to assess deletion efficiency compared to the Hip14F/F;Cre- TM
control (iHip14F/F from here on). Hip14 mRNA expression was decreased by
>90% 10-days post TM treatment in the brain regions tested – the striatum,
hippocampus, cortex, and cerebellum – and in the peripheral tissues tested – the
spleen, liver, kidney and heart (Figure 5.2A). >90% loss of HIP14 protein was
observed in the striatum, hippocampus, cerebellum, and cortex at 10-days post
induction and >95% loss of HIP14 in the whole brain at six weeks post TM
treatment (Figure 5.2B). These data indicate that deletion of HIP14 in iHip14Δ/Δ
mice is >90% effective.
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Figure 5.2: Hip14 mRNA and protein expression is significantly reduced in
iHip14Δ/Δ mice. The expression of Hip14 mRNA in the striatum, hippocampus,
cortex, cerebellum, spleen, liver, kidney, and heart iHip14Δ/Δ mice and in iHip14F/F
control mice relative to β-actin is shown in A (N=3). There was a 90 percent or
greater decrease in Hip14 mRNA in iHip14Δ/Δ mice compared to control mice. (B)
HIP14 protein expression in the striatum, hippocampus, cerebellum, and cortex
from iHip14Δ/Δ and iHip14F/F mice, where the tissues were collected 10 days post133

TM treatment, is shown. Also shown is whole brain collected 6 weeks post-TM
treatment from iHip14Δ/Δ and iHip14F/F mice. Whole cell lysate was run on
western blot and probed with anti-HIP14 and anti-β-tubulin antibodies. The HIP14
immunoblot is the top panel in each set of images and the β-tubulin is in the
bottom panel. The amount of HIP14 protein expressed is quantified in the graph
relative to β-‐tubulin	
  expression	
  (N=2-‐10).	
  A	
  90	
  percent	
  or	
  greater	
  decrease	
  in	
  HIP14	
  
was	
  observed	
  iHip14Δ/Δ mice.	
  Data	
  were	
  analyzed	
  using	
  the	
  Student’s	
  t-‐test.	
  *	
  p<0.05,	
  
**	
  p<0.01,	
  ***	
  p<0.0001.	
  
5.3.2 Reduced survival, low body weight, and hyperactivity in iHip14Δ/Δ
mice
To first assess the overall health of iHip14Δ/Δ mice, female and male mice were
weighed at three months of age. Both female and male iHip14Δ/Δ mice are about
10% smaller than WT VEH and iHip14F/F control mice (Figure 5.3A and B,
respectively).
As mice were being aged for longitudinal behavior studies, a dramatic
decrease in survival of iHip14Δ/Δ mice beginning at about 16 weeks of age or 10
weeks post-Hip14 deletion was observed (Figure 5.3C, dotted line). The same
effect was observed when Hip14 deletion was induced at six months of age
instead of at six weeks of age (data not shown). Most of the time the mice
appeared relatively healthy; i.e. not noticeably smaller than their littermate
controls or with any signs of sickness, such as piloerection or hunched posture,
and were suddenly found dead in their cage. A small number of mice (four or
five) were found in the home cage with hind limb paralysis that in one case got
progressively worse until the mouse was later found dead but, unfortunately, in
this case constant monitoring was not possible.
Serendipitously, one iHip14Δ/Δ mouse was found in its cage almost
completely paralyzed and was video monitored for a few minutes until had a
seizure and died. Post-mortem examination of the bodies of iHip14Δ/Δ mice
revealed signs of seizure including blood in the nostrils, hind legs sprawled
behind the body, and clenched and bloody front paws. These data indicate that
iHip14Δ/Δ mice have dramatically reduced survival due to a seizure disorder. A
small proportion of iHip14Δ/Δ mice, 5-10%, survive past 20 weeks of age (2 in
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total). One of these mice reached a humane endpoint at 43 weeks of age and
had to be euthanized. At this time it weighed 30% less than its iHip14F/F littermate
control. HIP14 protein levels in the brain were assessed to ensure sufficient gene
deletion and almost no HIP14 protein was detected (data not shown).
In addition to the reduced body weight and survival, the iHip14Δ/Δ mice
were hyper and reactive to handling. To begin to characterize this phenotype,
spontaneous activity was assessed in the Med Associates spontaneous activity
apparatus during the dark phase. iHip14Δ/Δ mice had increased distance
travelled, ambulatory time, and ambulatory episodes (Figure 5.3D, E, and F,
respectively). This increase in activity of iHip14Δ/Δ mice may explain the modest
decrease in body weight observed in these mice.
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Figure 5.3: Decreased body weight and survival and hyperactivity in
iHip14Δ/Δ mice. A 10% decrease in the body weight of three month old female
(A) and male (B) iHip14Δ/Δ mice compared to WT VEH and iHip14F/F mice was
observed (Females ANOVA: F(2,55)=12.22, p<0.0001; Males ANOVA:
F(2,59)=20.07, p<0.0001; N=16-24). A dramatic reduction in survival (Log-rank
test: Χ2(4)=93.76; N=11-24) was observed in the iHip14Δ/Δ mice compared to WT
VEH and iHip14F/F control mice (C).	
  Spontaneous activity was assessed by
infrared beam breaks during a 30 minute exploration at three months of age.
Distance travelled (D), ambulatory time (E), and ambulatory episodes (F) were
assessed. On all three measures the iHip14Δ/Δ mice were hyperactive compared
to both controls (Distance travelled ANOVA: F(2,45)=9.112, p=0.0005;
Ambulatory time ANOVA: F(2,45)=13.50, p=<0.0001; Ambulatory episodes
ANOVA F(2,45)=10.95, p=0.0001; N=13-18). *	
  p<0.05,	
  ***	
  p<0.0001.	
  
5.3.3 Motor coordination and sensorimotor gating deficits in iHip14Δ/Δ mice
As both Hip14-/- and YAC128 mice have motor deficits, the motor coordination of
iHip14Δ/Δ mice was tested on rotarod and climbing (Singaraja et al., 2011; Slow,
2003). During rotarod training at a fixed speed, iHip14Δ/Δ mice fell off the rotatod
more and fell off sooner than control WT VEH and iHip14F/F mice (Figure 5.4A
and B, respectively). On the fourth day mice were tested on the accelerating
rotarod and latency to fall was measured. Compared to control mice, iHip14Δ/Δ
mice fell off sooner (Figure 5.4B).
As rotarod is a trained test where mice learn to stay on the rotarod, it is
less sensitive to basal ganglia motor dysfunction than the spontaneous test of
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motor coordination, climbing (Hickey et al., 2008; Southwell et al., 2009). As
YAC128 mice have a climbing deficit (Southwell and Patterson, 2011), iHip14Δ/Δ
mice were tested on climbing. There was a dramatic reduction in the number of
climbing events in these mice (Figure 5.4C) but there was no change in the
number of rearing events, which is indicative of motivation to explore the
apparatus (Figure 5.4D).
PPI is a test of sensorimotor gating and does not involve learning. When a
quieter tone (the pre-pulse) is played prior to a loud stimulus (the startle pulse)
mice will startle less than they would to the loud startle stimulus alone (Van
Raamsdonk, 2005b) and thus PPI tests motor inhibition or sensorimotor gating,
which is thought to be mediated by the striatum (Mink, 1996; Slow, 2003). As
YAC128 mice and Hip14-/- mice have PPI deficits, the iHip14Δ/Δ mice were tested
as well (Singaraja et al., 2011; Van Raamsdonk, 2005b). PPI deficits were
observed in the iHip14Δ/Δ mice at all pre-pulse levels indicating a sensorimotor
gating deficit (Figure 5.4E).
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Figure 5.4: Motor coordination and sensorimotor gating deficits in iHip14Δ/Δ
mice. Over three consecutive days three month old mice were trained on a fixed
speed rotarod and tested on an accelerating rotarod on the fourth day. The
number of falls (A) and the latency to the first fall (B) were recorded. iHip14Δ/Δ
mice fell off the rotarod more (A; 2-way ANOVA: genotype F(2)=5.46, p=0.0053;
training day F(2)=21.26, p<0.0001; interaction F(4)=0.2534, p=0.9071; N=14-16)
and sooner (B; 2-way ANOVA: genotype F(2)=7.32, p=0.0009; training day
F(3)=299.4, p<0.0001, interaction F(6)=0.9541, p=0.4581; N=14-16) both during
training and during testing. Three month old mice were allowed to freely explore
and climb a wire mesh container for five minutes and the number of times the
mouse climbed (C) and reared (D) were recorded. iHip14Δ/Δ mice climbed fewer
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times (C; ANOVA: F(2,45)=8.130, p=0.001; N=13-18) but did not rear less (D;
ANOVA: F(2,45)=0.43, p=0.65; N=13-18) compared to control mice. Pre-pule
inhibition (PPI) was measured as the percentage of decrease in the amount of
startle with a prepulse compared to the amount of startle without a prepulse.
Three month old iHip14Δ/Δ mice had a PPI deficit compared to controls (E; 2-way
ANOVA: genotype F(2)=24.77, p<0.0001; pre-pulse F(3)=67.70, p<0.0001;
N=15-18). *	
  p<0.05,	
  **	
  p<0.01,	
  ***	
  p<0.0001.
5.3.4 iHip14Δ/Δ mice display increased escape response and anhedonia
Since YAC128 mice and patients have anxiety and depression and the iHip14Δ/Δ
mice are hyper and reactive to handling, psychiatric endpoints were assessed
(Pouladi et al., 2008; Southwell et al., 2009). Anxiety-like behavior was assessed
in the open field where mice are placed in a large, brightly lit box. A more anxious
mouse will spend less time in the center of the open field (Southwell et al., 2009).
Although iHip14Δ/Δ mice explored the open field apparatus to the same extent as
the WT VEH and iHip14F/F control mice as measured by distance travelled
(Figure 5.5A) they made fewer entries into the center of the open field (Figure
5.5B). This suggests anxiety-like behavior in iHip14Δ/Δ mice.
To confirm that the iHip14Δ/Δ mice indeed have anxiety, the mice were also
tested on the EPM test of anxiety. In this test mice are placed in the center of a
plus maze that is high off the ground and has two open arms and two closed
arms. A more anxious mouse will spend less time in the open arms of the EPM
(Kordasiewicz et al., 2012; Southwell et al., 2013). Surprisingly, the iHip14Δ/Δ
mice spent more in the open arms of the EPM and dipped their heads off the
edge of the open arms more than the control WT VEH and iHip14F/F mice (Figure
5.5D and E, respectively. The iHip14Δ/Δ mice did not explore the EPM as much
as the control mice (Figure 5.5C), likely due to the fact that they spend more of
their time dipping their head off the edge of the open arms of the maze. These
data contradict the open field activity data described above and indicate an
anxiolytic phenotype instead of anxiety-like phenotype. The other possible
interpretation of this phenotype is that in both cases the iHip14Δ/Δ mice are trying
to escape the apparatus and are in fact not anxious at all, i.e. they are spending
more time exploring the edges of the open field box trying to find a way out and
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on the EPM they are dipping their heads off the open arms trying to escape the
maze. This explanation would also be consistent with their reactivity to handling.
To determine if the iHip14Δ/Δ mice have an anxiety-like phenotype, a
modified light-dark box test was designed that completely removed any
possibility of escape. Mice were placed in a completely enclosed apparatus
where one side was dark and the other side was brightly lit. Mice were able to
move freely between the two sides through a small door. If a mouse is anxious it
will spend less time on the light side (light box) and more time in the dark. The
iHip14Δ/Δ mice spent the same amount of time in the light box as the control WT
VEH and iHip14F/F mice (Figure 5.5F). These data indicate that the iHip14Δ/Δ
mice are not anxious and suggest that their behavior in the open field and EPM is
indeed an increase in escape response-like behavior.
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Figure 5.5: Three month old iHip14Δ/Δ mice have increased escape response
and display anhedonic-like behavior. Mice were placed in an open field under
bright lighting for 10 minutes and allowed to freely explore. Exploration was
recorded by a ceiling-mounted video camera and the animal’s movement was
scored by Ethovision XT7 software. iHip14Δ/Δ mice explored the field to the same
extent as the control mice as measured by distance travelled (A; ANOVA:
F(2,47)=2.607, p=0.0844; N=24-25) but made fewer	
  entries	
  into	
  the	
  center	
  of	
  the	
  
open	
  field	
  (B;	
  ANOVA:	
  F(2,47)=11.81,	
  p<0.0001;	
  N=24-‐25).	
  iHip14Δ/Δ mice explored the
elevated plus maze less than controls over a five minute exploration, where mice
were allowed to freely explore the maze and were tracked by Ethovision XT7
software (C; ANOVA: F(2,86)=7.911, p=0.0007; N=25-34).	
  iHip14Δ/Δ mice also
spent more time in the open arms of the maze (D; ANOVA: F(2,86)=22.23,
p<0.0001; N=25-34) and more time dipping their heads of the edge of the open
arms (E; F(2,84)=10.09, p=0.0001; N=25-34). Mice were placed in a box with a
brightly lit side and a dark side and allowed to freely explore for five minutes and
time spent in the light side of the light-dark box was measured. iHip14Δ/Δ mice
spent the same amount of the time in the light box as the control mice (F;
ANOVA: F(2,39)=0.56, p=0.58; N=13-16). Mice were subjected to a 40 ms 120
dB stimulus and startle response was measured as the average Vmax over six
trials. iHip14Δ/Δ mice startled significantly more than control mice did (G; ANOVA:
F(2,47)=6.52, p=0.0032; N=15-18). iHip14Δ/Δ mice spent significant less time
immobile in the forced swim test where mice were placed in a beaker of water for
six minutes and the time spent immobile was recorded during the last five
minutes (H; ANOVA: F(2,48)=3.889, p=0.0272; N=15-19). Mice were allowed
free access to a 2% sucrose solution and water over a 24-hour period and the
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total fluid consumption (g/kg of body weight; I) and sucrose preference (J),
measured as the percentage of sucrose intake of the total fluid consumption (per
kg of body weight), were measured. iHip14Δ/Δ mice had no change in total fluid
intake (ANOVA: F(2,42)=1.37, p=0.27; N=14-16) but had decreased preference
for the sucrose solution (ANOVA: F(2,42)=5.68, p=0.0066; N=14-16). *	
  p<0.05,	
  **	
  
p<0.01,	
  ***	
  p<0.0001.	
  
To quantify the hyper, reactive phenotype of the iHip14Δ/Δ mice, their
startle response was assessed. Mice were placed in a startle chamber and
subjected to a startle stimulus of 120 dB and their response was measured.
Indeed, iHip14Δ/Δ mice startled to a much greater extent, about twice as much, as
the control WT VEH and iHip14F/F mice (Figure 5.5G). This is consistent with
these mice being more reactive to handling and testing.
Since YAC128 mice exhibit depressive-like phenotypes, the iHip14Δ/Δ mice
were tested on the Porsolt forced swim test of depression (Porsolt et al., 1977a;
1977b; Pouladi et al., 2008). In this test mice are placed in a beaker of water and
the time spent immobile is assessed as a measure of depressive-like behavior. A
depressed mouse will spend more time immobile and reversal of this endpoint is
highly correlated with antidepressant affects of drugs in humans (Porsolt et al.,
1977a; 1977b). Interestingly, iHip14Δ/Δ mice spend dramatically less time
immobile on the forced swim test (Figure 5.5H). This response is likely due to the
mice continually trying to escape the maze, as in the open field and on the EPM,
rather than an anti-depressant affect.
To separate out escape response and depressive-like behavior, the
Δ/Δ

iHip14

mice were tested on sucrose preference test. This is a test of

anhedonia-like behaviors (the inability to experience pleasure) and anhedonia is
a major symptom of depression (Willner et al., 1987). Indeed, the YAC128 mice
also display anhedonia (Pouladi et al., 2008). This test is done in the home cage
where the exposure to an experimenter and novel testing apparatus are
removed, which should eliminate any escape-response. The mice are given ad
libitum access to water and a 2% sucrose solution and the amount of water and
sucrose consumed is measured after 24 hours. The iHip14Δ/Δ mice consumed the
same total fluid as control mice (Figure 5.5I) but had a decreased preference for
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sucrose than control mice (Figure 5.5J). These data indicate that the iHip14Δ/Δ
mice have anhedonia, suggesting a depressive-like phenotype.
5.3.5 Increased forebrain weight, increased cortical volume, and
decreased corpus callosum volume in iHip14Δ/Δ mice
Since both Hip14-/- and YAC128 mice have selective striatal and cortical atrophy
and loss of white matter (Carroll et al., 2011; Singaraja et al., 2011; Slow, 2003;
Van Raamsdonk, 2005b), similar neuropathological endpoints were assessed in
the iHip14Δ/Δ mice. In contrast, increased brain and forebrain weight and no
change in cerebellar weight were observed in the iHip14Δ/Δ mice (Figure 5.6A, C,
and B, respectively). Also unexpectedly, there was no change in striatal volume
in the iHip14Δ/Δ mice compared to WT VEH and iHip14F/F controls (Figure 5.6D)
but there was an increase in cortical volume in iHip14Δ/Δ mice (Figure 5.6E). As in
the YAC128 mice and the Hip14-/- mice, iHip14Δ/Δ mice had a loss of white
matter, indicated by decreased corpus callosum volume (Figure 5.6F).
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Figure 5.6: Three month old iHip14Δ/Δ mice have increased brain and
forebrain weight, increased cortical volume, and decreased corpus
callosum volume. Mice were cardiac perfused with 4% paraformaldehyde and
the brains were removed and weighed. iHip14Δ/Δ mice have increased brain
weight compared to control mice (A; ANOVA: F(2,44)=9.38, p=0.0004; N=13-18),
unchanged cerebellum weight (B; ANOVA: F(4,64)=10.13, p<0.0001; N=12-18),
and larger forebrain weight (C; ANOVA: F(2,44)=10.46, p=0.0002; N=13-18).
Brains were then sectioned and stained with NeuN to stain neurons and striatal
(D), cortical (E), and corpus callosum (F) volume was determined. No change in
striatal volume was observed (D; ANOVA: F(2,59)=0.86, p=0.43; N=18-23) in
iHip14Δ/Δ mice but there was a significant increase in cortical volume (E; ANOVA:
F(2,44)=12.55, p<0.0001; N=13-18) and decrease in corpus callosum volume (F;
ANOVA: F(2,44)=13.56, p<0.0001; N=13-18). *	
  p<0.05,	
  **	
  p<0.01,	
  ***	
  p<0.0001.	
  
5.3.6 iHip14Δ/Δ MSNs have increased paired pulse ratios and reduced
frequency but increased amplitude of spontaneous excitatory
transmission to MSNs
Since striatal physiology is altered in the YAC128 and Hip14-/- mice, the synaptic
properties of MSNs in the striatum, the most vulnerable cell type in HD, were
examined (Milnerwood and Raymond, 2010; Milnerwood et al., 2013; 2010;
Raymond et al., 2011). Current- and voltage-clamp recordings were performed
on MSNs in the dorsal striatum to measure basic membrane properties and
synaptic currents. There was no significant effect of loss of Hip14 on membrane
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capacitance, suggesting no change in the surface area of individual MSNs and
consistent with the lack of gross volume changes in the striatum (Figure 5.6D).
Similarly, we observed no significant effect on the amount of injected current
required to initiate action potential firing (rheobase) or the resting membrane
potential in iHip14Δ/Δ MSNs (Figure 5.7B, C, and D, respectively). These data
indicate that there is no change in membrane excitability or surface area in
iHip14Δ/Δ MSNs.
To assay excitatory synaptic function, AMPAR-mediated spontaneous
postsynaptic currents (sEPSCs) were recorded from MSNs held at -70 mV in the
presence of picrotoxin, a GABAA antagonist. There was a significant decrease in
sEPSC frequency in iHip14Δ/Δ MSNs (Figure 5.7H) as well as a significant
increase in sEPSC amplitude (Figure 5.7I) compared to MSNs from both WT
VEH and iHip14F/F mice. These data demonstrate a significant synaptic
dysfunction in iHip14∆/∆ mice and suggest a reduction in the number of excitatory
synapses and/or a reduction in transmitter release probability. Despite this
reduction on frequency, the observed sEPSC amplitude was increased,
suggesting additional AMPARs at these synapses.
To assess transmitter release probability from cortical afferents onto
MSNs in the striatum, a stimulating electrode was placed 200-250 um dorsal to
the recorded cell and various inter-pulse intervals were applied and the PPR was
calculated by dividing the peak current of the second response to that of the first.
MSNs from iHip14Δ/Δ mice had increased PPRs compared to MSNs from WT
VEH or iHip14F/F mice (Figure 5.7F). These data are indicative of a lower
probability of transmitter release and are consistent with the reduction in sEPSC
frequency.
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Figure 5.7: iHip14Δ/Δ MSNs have impaired paired pulse ratios and decreased
frequency and increased amplitude of sEPSCs. MSNs in the central dorsal
striatum were whole-cell patch clamped in acute coronal slices from three month
old mice. A representative trace of current-clamp membrane potential responses
to a series of current injections (from -100 pA to 200 pA in 50 pA increments) is
shown in (A). iHip14Δ/Δ MSNs had the same resting membrane potential (RMP)
(B: ANOVA: F(2,66)=0.39, p=0.68; N=21-25), fired at same rheobase current (C;
ANOVA: F(2,65)=1.216, p=0.30; N=21-25), and had the same membrane
capacitance (D; ANOVA: F(2,107)=2.41, p=0.094; N=31-43). iHip14Δ/Δ mice had
increased paired pulse ratios (F; 2-way ANOVA: genotype F(2)=12.94, p=0.0001;
pulse interval F(2)=20.51, p<0.0001; interaction F(4)=4.276, p=0.0047; N=8-10),
representative traces are shown in (E). iHip14Δ/Δ mice had decreased frequency
(H; ANOVA: F(2,60)=13.50, p<0.0001; N=19-23) but increased amplitude (I;
ANOVA: F(2,60)= 12.79, p<0.0001; N=19-23) of spontaneous excitatory
postsynaptic currents (sEPSCs), representative traces are shown in (G). *	
  p<0.05,	
  
**	
  p<0.01,	
  ***	
  p<0.0001.	
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5.3.7 iHip14Δ/Δ CA1 hippocampal neurons have increased amplitude of
miniature excitatory transmission
As a reduction in excitatory transmitter release is not consistent with the epileptic
phenotype, we then asked whether these same synaptic abnormalities can be
observed in the hippocampus, an area of the brain highly associated with the
underlying neurobiology of epilepsy (Ben-Ari and Cossart, 2000). As with MSNs,
current- and voltage-clamp recordings were performed on CA1 pyramidal
neurons. Despite a trend of a depolarized resting membrane potential in CA1
neurons from iHip14∆/∆ mice, this was not significant in the one-way ANOVA
(Figure 5.8B). Similarly, there was no significant difference in the current-voltage
(I-V) relationship (Figure 5.8C), membrane capacitance, or resistance in iHip14Δ/Δ
CA1 pyramidal neurons (data not shown). Thus, the basic membrane properties
of CA1 pyramidal neurons are largely normal in iHip14∆/∆ mice.
To assay excitatory and inhibitory synaptic function of CA1 pyramidal
neurons, AMPAR-mediated miniature postsynaptic currents (mEPSCs) in the
presence of picrotoxin and tetrodotoxin were recorded (Figure 5.8D). GABARdependent miniature inhibitory postsynaptic currents in the presence of
tetrodotoxin and DNQX, an AMPAR and kainite receptor antagonist, were also
recorded (Figure 5.8G). As we saw with the striatum, there was a significant
increase in the amplitude of mEPSCs recorded from CA1 pyramidal neurons in
iHip14∆/∆ mice (Figure 5.8F). Interestingly, the decreased frequency of EPSCs
observed in the striatum was not evident in the hippocampus; rather, the mean
mEPSC frequency was highest in CA1 pyramidal neurons from iHip14∆/∆ mice,
although this did not reach significance (Figure 5.8E). There was no change in
either frequency or amplitude of mIPSCs in iHip14Δ/Δ CA1 pyramidal neurons
(Figure 5.8H and I, respectively), although there was a general trend towards a
lower frequency of inhibitory events in iHip14∆/∆ animals. Together, these data
suggest an imbalance between excitatory and inhibitory input to CA1 pyramidal
neurons as a result of loss of Hip14 in adulthood.
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Figure 5.8: iHip14Δ/Δ CA1 pyramidal neurons have increased amplitude of
mEPSCs. CA1 pyramindal neurons in the hippocampus were whole-cell patch
clamped in acute coronal slices from three month old mice. A representative
trace of current-clamp membrane potential responses to 50 pA current injection
steps (from 200 pA to 300 pA) is shown in (A). iHip14Δ/Δ CA1 pyramidal neurons
had the same resting membrane potential (RMP) (B: ANOVA: F(2,46)=2.40,
p=0.10; N=15-17) and the same I-V relationship (C). iHip14Δ/Δ CA1 pyramidal
neurons had the same frequency (E: ANOVA: F(2,44)=0.96, p=0.39; N=15-16)
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but increased amplitude (F: ANOVA: F(2,44)=6.47, p=0.0034; N=15-16) of
miniature excitatory postsynaptic currents (mEPSCs), representative traces are
shown in (D). There was no significant change in miniature IPSC frequency (H:
ANOVA: F(2,34)=0.96, p=0.39; N=10-15) or amplitude (I: ANOVA: F(2,34)=1.64,
p=0.21; N=10-15) in iHip14Δ/Δ CA1 pyramidal neurons, representative traces are
shown in (G). *	
  p<0.05,	
  **	
  p<0.01,	
  ***	
  p<0.0001.
5.4

DISCUSSION

The constitutive Hip14 deficient mouse model has an HD-like phenotype but it is
developmental and non-progressive unlike the adult-onset, progressive
phenotype of the YAC128 mice (Singaraja et al., 2011; Slow, 2003; Van
Raamsdonk, 2005b). Since altered HIP14 function will occur throughout the life
of the animal in the presence of the HD mutation rather than just during
development, we sought to determine the consequences of loss of Hip14 in the
adult animal. An inducible Hip14 deficient mouse model was generated and
Hip14 deletion was induced in the young adult mouse. This is the first example of
a “conditional knockout” of a DHHC PAT and the first evidence implicating PATs
in a seizure disorder.
The iHip14∆/∆ mice have a phenotype surprisingly different than that of the
Hip14-/- mice (Table 5.1). These mice were expected to develop a progressive
HD-like phenotype similar to the YAC128 mice. The most surprising phenotype is
the progressive hind limb paralysis and seizure disorder resulting in dramatically
reduced survival of the iHip14∆/∆ mice. This was highly unexpected as there is no
change in survival of the Hip14-/- mice or the YAC128 mice. The R6/2 mice have
reduced survival but death due to a seizures was only reported to occur in a
small subset of the mice that die (Mangiarini et al., 1996; Stack et al., 2005).
HIP14 was shown to be dramatically less autopalmitoylated in the R6/2 mice
(Rush et al., 2012) indicating that it is much less active. Thus, there may be
some overlap in the survival phenotype of the iHip14∆/∆ and the R6/2 mice.
The iHip14∆/∆ mice have motor coordination deficits similar to HD mouse
models and Hip14-/- mice on rotarod and climbing (Table 5.1). The deficits are
pretty dramatic, particularily on the climbing test, and the limited time frame
between induction of loss of Hip14 and the onset of the seizure disorder
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precluded longitudinal studies to determine if the motor coordination deficits
would get progressively worse. Also similar to HD mouse models and the Hip14-/mice (Singaraja et al., 2011; Van Raamsdonk, 2005b), iHip14∆/∆ mice have
sensoriomotor gating impairments (Table 5.1). As PPI tests the ability to inhibit
an unwanted motor response to a stimulus and it is believed to be mediated by
the striatum (Mink, 1996), impairment on this test suggests striatal pathology in
the iHip14∆/∆ mice.
The psychiatric phenotype of the iHip14∆/∆ mice is not similar to HD mouse
models but may also in fact suggest striatal dysfunction (Table 5.1). The
psychiatric phenotype of the Hip14-/- mice was never studied (Singaraja et al.,
2011). The YAC128 mouse model displays anxiety- and depressive-like
behaviors (Pouladi et al., 2008; Southwell et al., 2009). The iHip14∆/∆ mice are
anhedonic as are the YAC128 mice (Pouladi et al., 2008), which is a symptom of
depression, but when tested on the forced swim test of depression, the iHip14∆/∆
mice appeared to have an anti-depressant like phenotype. When the anxiety
phenotype of iHip14∆/∆ mice was examined, contradictory results were obtained
from the open field and EPM tests. The mice display an anxiety-like phenotype in
the open field but an anxiolytic phenotype on the EPM. However, when these
results are considered along with the forced swim results, the simplest
interpretation is that all of these behaviors are due to an increase in escape
response, ie the mice never stop trying to escape the forced swim and do not
stop swimming, they continually search for an escape route in the open field by
staying at the edges, and they try to find a way off the EPM by searching the
open arms. Indeed, when tested in a modified light-dark box test that eliminated
any avenues for escape the iHip14∆/∆ mice did not show anxiety-like behaviors.
Interestingly, rodents with striatal lesions display impaired escape response
behavior (Kirkby and Kimble, 1968). Thus, these data may suggest striatal
dysfunction.
The interpretation of these results as increased escape response behavior
is not without precedence. When approached by a predator or put in a new
environment wild rodents will exhibit a range of responses including
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flight/escape, freezing, and defensive attack. Through domestication and
inbreeding, laboratory rodents display significantly less intense defensive and
escape responses when compared to wild mice (Holmes et al., 2000). Indeed,
multiple studies have described an explosive response to testing situations in
wild mice. In a study of wild mice on the EPM compared to inbred laboratory
strains, wild mice displayed behavior very similar to the iHip14∆/∆ mice, including
increased time spent in the open arms (Holmes et al., 2000), that the authors
described as a “high level of behavioral reactivity directed towards rapid escape
from the apparatus” (Holmes et al., 2000).
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Table 5.1: Similarities and differences between YAC128, Hip14-/-, and iHip14Δ/Δ mouse models.
HD models
Survival
No change in YAC128, reduced survival in R6/2
(Slow et al. 2003; Mangiarini et al. 2006)
Motor function
Accelerating and fixed rotarod deficits from 6
months. Climbing deficits at 7 months (Southwell et
al. 2009). Hyperactivity at 3 months followed by
hypoactivity at 6 month (Slow et al. 2003)
Sensorimotor gating PPI deficits at 12 months (Van Raamsdonk et al.
2005)
Psychiatric function Anxiety and depression (Southwell et al. 2009;
Pouladi et al. 2008)
Brain weight
5% decrease at 9 months (Slow et al. 2003)
Striatal volume
Other brain regions
affected

3% decrease in volume at 3 months by MRI (Carroll
et al. 2011)
Decrease in volume of cortex, thalamus, globus
pallidus, corpus callosum, hippocampus unchanged
(Carroll et al. 2011)

Hip14-/- (Singaraja et al. 2011)
No change

iHip14Δ/Δ
90% reduced survival at 4 months of age

Accelerating and fixed rotarod deficits
Hyperactive at 3 months

Accelerating and fixed rotarod and
climbing deficits at 3 months
Hyperactive at 3 months

PPI deficits

PPI deficits at 3 months

---

17% decrease at E17.5 and later ages

Increased escape-response
Anhedonia
12% increase in brain and 13% increase
in forebrain weight at 3 months
No change

Decrease in volume of cortex,
thalamus, globus pallidus, corpus
callosum, cerebellum, hippocampus

Increase in volume of cortex and
decrease in volume of corpus callosum,
cerebellum unchanged

8% decrease at 1 month
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The iHip14∆/∆ mice have increased brain and forebrain weights, which is in
contrast to the decreased brain weight in the YAC128 and the Hip14-/- mice
(Singaraja et al., 2011; Van Raamsdonk, 2005a) (Table 5.1). Also, although there
is clear striatal dysfunction in iHip14∆/∆ mice, there was no change in striatal
volume, unlike the atrophy observed in the YAC128 and Hip14-/- mice (Carroll et
al., 2011; Singaraja et al., 2011). This is likely because there is not enough time
from loss of Hip14 to seizure-induced death for striatal neuron death to occur.
There was, however, a decrease in corpus callosum volume suggesting a
decrease in white matter. This may indicate that some axonal degeneration is
occurring, which may precede neuron death. Decreased corpus callosum volume
occurs in both the YAC128 mice and the Hip14-/- mice (Carroll et al., 2011;
Singaraja et al., 2011). In contrast, there is an increase in cortical volume in
iHip14∆/∆ mice, potentially due to a reactive gliosis response to neural injury.
Further evidence for striatal dysfunction was apparent in the physiology of
MSNs. Although there is no change in membrane excitability or surface area in
iHip14Δ/Δ MSNs, there was reduced frequency and increased amplitude of
sEPSC amplitude and increased PPRs. These data are indicative of a lower
probability of transmitter release and/or fewer synapses but, potentially, more
AMPARs at the remaining synapses. These data demonstrate a significant
synaptic dysfunction. The increase in sEPSC amplitude may instead suggest
more glutamate released per vesicle to the same number of AMPARs. The
striatal physiology in iHip14Δ/Δ MSNs is not the same as that in Hip14-/- and in HD
mice. The Hip14-/- mice are very similar to HD mice in their striatal physiology
(Milnerwood and Raymond, 2010; Milnerwood et al., 2013; Raymond et al.,
2011). MSNs from HD mice have increased resting membrane potential and
Hip14-/- and HD MSNs have decreased capacitance and increased rheobase
(Milnerwood and Raymond, 2010; Milnerwood et al., 2013; Raymond et al.,
2011) whereas there is no change in any of these parameters in the iHip14Δ/Δ
MSNs. There is a decrease in sEPSC frequency in MSNs from all three mouse
lines but sEPSC amplitude is decreased in HD and Hip14-/- MSNs (Milnerwood
and Raymond, 2010; Milnerwood et al., 2013; Raymond et al., 2011) whereas it
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is increased in iHip14Δ/Δ MSNs. Also, MSNs from all three mouse models display
reduced release probability (Milnerwood and Raymond, 2010; Milnerwood et al.,
2013; Raymond et al., 2011).
As a reduction in excitatory transmitter release is not consistent with the
epileptic phenotype, synaptic function was assessed in the hippocampus. There
was a trend of a depolarized resting membrane potential in CA1 neurons from
iHip14∆/∆ mice, which may suggest a hyperexcitability. There was also a
significant increase in the amplitude of mEPSCs recorded from CA1 pyramidal
neurons in iHip14∆/∆ mice as with the MSNs but, interestingly, the decreased
frequency of EPSCs observed in the striatum was not evident in the
hippocampus. Instead there was a trend to an increase in the mean mEPSC
frequency. There was also a general trend towards a lower frequency of
inhibitory events in iHip14∆/∆ animals. Together, these data suggest an imbalance
between excitatory and inhibitory input to CA1 pyramidal neurons as a result of
loss of Hip14 in adulthood. Whether these alterations of synaptic function in the
hippocampus contribute to the seizure phenotype remains to be seen.
The seizure disorder in iHip14∆/∆ mice may be due, in part, to increased
surface trafficking of AMPARs. Indeed, the physiology data suggests that there
are more AMPARs at synapses. AMPAR subunits are palmitoylated at two sites,
one in the TMD 2 site and the other in the C-terminal site. Loss of palmitoylation
at either site will lead to increased synaptic expression of AMPARs (Hayashi et
al., 2005). Thus if HIP14 palmitoylates the AMPAR subunits at either of these
sites, loss of HIP14 would lead to increased synaptic AMPAR. Indeed, HIP14 is a
PAT for GLUA1 and GLUA2 (Huang et al., 2009). Glua2 mRNA is posttranscriptionally edited rendering GLUA2-containing receptors calcium
impermeable. Interestingly, post-transtranscriptional editing deficient GluA2 mice
that express GLUA2 that is permeable to calcium develop progressively agitated
states and eventually have multiple seizures and die (Brusa et al., 1995). Thus,
the seizure disorder could be caused by an increase in synaptic AMPARs.
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This is the first example of a “conditional knockout” of a DHHC PAT. This
study implicates HIP14 as an essential gene for the maintenance of the adult
mouse, which is not surprising considering that Hip14 is the most highly
conserved of all 23 human PATs (Young et al., 2012). This is also the first
example of a PAT being implicated in a seizure disorder. The consequences of
loss of Hip14 in the adult mouse are very different than the consequences of loss
of Hip14 from conception. This suggests that there is a compensatory
mechanism that occurs during development when Hip14 is lost from conception
that cannot occur when it is lost in the adult animal. This study does not rule out
the possibility that HIP14 plays a role in the pathogenesis of HD, despite the fact
that this mouse model does not develop an HD-like phenotype. In fact, this study
shows that HIP14 is important for striatal function and is an essential gene that if
dysfunctional in HD could have hugely detrimental consequences.

155

6 DISCUSSION AND CONCLUSIONS
6.1

OVERVIEW OF MAJOR FINDINGS

The overall goal of this thesis was to determine the role of palmitoylation in the
pathogenesis of HD and provide further validation of palmitoylation as a potential
drug target. The Hip14-/- and Hip14l-/- mouse models both of which have HD-like
phenotypes resembling those of the YAC128 mouse model of HD provide the
strongest evidence for a role of palmitoylation in HD (Singaraja et al., 2011;
Sutton et al., 2013). The fact that wtHTT acts as a modulator of HIP14 activity
and that the relationship between these two proteins goes beyond that of just
enzyme-substrate provides suggests that this relationship may be very important
(Huang et al., 2011). The overall hypothesis is that disturbed HIP14-HTT and
HIP14L-HTT interaction in the presence of the HD mutation reduces HIP14, and
potentially HIP14L, function leading to the under-palmitoylation and
mislocalization of HTT and key HIP14 substrates.
The first specific aim of this thesis was to determine the interaction domain
of HTT and HIP14 and HIP14L. This is important to guide future efforts to target
and enhance this interaction to increase enzyme activity and remediate
palmitoylation of HTT and their substrates. It is important to know if HIP14 and
HIP14L interact with the same domain of HTT and, if so, if they compete for
binding. A shared binding site would provide further support for the hypothesis
that these two PATs are able to compensate for each other in palmitoylating HTT
and that HTT may also modulate the activity of HIP14L. If they were to compete
for binding, this would need to be taken into consideration when taking efforts to
increase the interaction between HTT and one PAT or the other at the risk of
decreasing the interaction with the other PAT. HIP14 has been previously shown
to interact with HTT 1-548 (Huang et al., 2011). Here, amino (N)- and carboxy
(C)-terminal deletions of HTT 1-548 were generated and their interaction with
HIP14 and HIP14L was assessed to determine the location of the binding site.
Putative multiple PAT binding sites were identified in HTT, one around amino
acid 224 and another around amino acid 427, that are both required for full
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interaction and all of the amino acids from 1-548 are required for the structural
integrity and conformation of these binding sites. A common binding domain in
HTT for HIP14 and HIP14L along with the fact that HIP14L’s domain structure is
virtually identical to HIP14, with all the same domains in the same orientation,
suggests that HTT may also modulate the enzymatic activity of HIP14L (Young et
al., 2012). These data provide evidence that these two PATs may compensate
for each other in palmitoylating HTT and may compete for binding to HTT and
other substrates.
The second specific aim of this thesis was to determine the effect of loss
of Hip14 and Hip14l in vivo and on HTT palmitoylation. The biological function of
HTT palmitoylation and exactly what role loss of HTT palmitoylation plays in the
pathogenesis of HD are unknown. To answer these questions and to determine if
HIP14 and HIP14L are in fact the only two PATs for HTT, the Hip14-/- and Hip14l/-

mouse models were intercrossed to generate mice deficient for both Hip14 and

Hip14l genes. Loss of both Hip14 and Hip14l leads to embryonic lethality
between E10 and E11 in utero due to failed chorioallantoic fusion leading to
failure in placental formation. Intriguingly, the extraembryonic tissue of the Hip14/-

;Hip14l-/- embryos share many features with that of the Htt-/- embryos. There are

two possible mechanisms underlying the observed similarity in phenotypes
between Hip14-/-;Hip14l-/- and Htt-/- mice: loss of HIP14/HIP14L function leading
to decreased substrate palmitoylation or loss of HTT palmitoylation. Indeed, there
was a 25% decrease in HTT palmitoylation in Hip14-/-;Hip14l-/- MEFs. HTT
palmitoylation is significantly decreased but not completely abolished in this
system, which may be due to compensation by another DHHC PAT in Hip14-/;Hip14l-/- MEFs that does not occur in the extraembryonic tissues of the
developing Hip14-/-;Hip14l-/- embryos. Different cell types express different Zdhhc
genes at different levels. Interestingly, ZDHHC2, -3, and -23 are among those
DHHC PATs that have been shown to have a low level of palmitoylation activity
towards HTT when overexpressed in COS cells with HTT and that are not
expressed in human placental tissue (Huang et al., 2011; Ohno et al., 2006). In
the Hip14-/-;Hip14l-/- embryos there is decreased HTT palmitoylation, which leads
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to reduced HTT function, as well of loss of the two PATs, which would lead to
decreased palmitoylation of other putative substrates.
The third specific aim of this thesis was to determine palmitoylation levels
of synaptic proteins in HD mouse models. mHTT in the YAC128 mouse model of
HD was decreased compared to palmitoylation of human wtHTT in the YAC18
mouse model (Yanai et al., 2006). Surprisingly, HTT palmitoylation was not
affected in the Hip14-/- and Hip14l-/- mouse models, suggesting that these
enzymes compensate for loss of each other to palmitoylate HTT and that the
phenotypic overlap between these two mouse models and the YAC128 mice may
be due to loss of palmitoylation of other substrates (Singaraja et al., 2011; Sutton
et al., 2013). Indeed, the YAC128 mice were found to have fairly widespread
alterations in the levels of palmitoylated proteins (Wan et al., 2013). Here, the
palmitoylation of HTT and of the HIP14 and/or HIP14L substrates SNAP25, PSD95 and GAD65 was assessed in a low throughput, high confidence manner in the
YAC128, BACHD, and Hu97/18 mouse models of HD. mHTT palmitoylation was
decreased in all three mouse models both compared to littermate control mice
and compared to the WT allele within the same mouse. Only in the YAC128
mouse was palmitoylation of the WT allele decreased in the presence of the HD
mutation. The palmitoylation of SNAP25 and PSD-95 was also decreased in all
mouse models. There was no change in GAD65 palmitoylation in any of the
mouse models. This is slightly unexpected as GAD65 palmitoylation was
decreased in the R6/2 HD mouse model. The fact that HIP14 autopalmitoylation
was almost completely abolished in the R6/2 mice suggests (Rush et al., 2012)
much more severe HIP14 dysfunction than in the YAC128 mice where HIP14
palmitoylation was only decreased by about 25%, which may explain these
results. This is a strange finding given that HTT does not interact with HIP14 in
exon1 (Sanders et al., 2014). It is possible that exon1 overexpression in the R6/2
mice sequesters wild type endogenous HTT into the aggregate to a greater
extent than in the YAC138 mice, resulting in a loss of wtHTT and HIP14
dysfunction.
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The fourth specific goal of this thesis was to determine the role of loss of
Hip14 in the adult animal. The constitutive Hip14 deficient mouse model has an
HD-like phenotype but it is developmental and non-progressive unlike the adultonset, progressive phenotype of the YAC128 mice (Singaraja et al., 2011; Slow,
2003; Van Raamsdonk, 2005b). An inducible Hip14 deficient mouse model was
generated and Hip14 deletion was induced in the young adult mouse. The
iHip14∆/∆ mice have a phenotype surprisingly different than that of the Hip14-/mice. The most surprising phenotype is the progressive hind limb paralysis and
seizure disorder resulting in dramatically reduced survival of the iHip14∆/∆ mice.
This was highly unexpected as there is no change in survival of the Hip14-/- mice
or the YAC128 mice. The iHip14∆/∆ mice have motor coordination deficits and
sensorimotor gating deficits similar to HD mouse models and Hip14-/- mice on
rotarod and climbing. These data, along with the MSN physiology data, suggests
profound striatal dysfunction. The psychiatric phenotype of the iHip14∆/∆ mice is
not like that of HD mouse models. The iHip14∆/∆ mice are anhedonic and display
increased escape response. The iHip14∆/∆ mice have increased brain and
forebrain weights and increased cortical volume, which is in contrast to the
decreased brain weight and cortical volume in the YAC128 and the Hip14-/- mice
(Singaraja et al., 2011; Van Raamsdonk, 2005a). Also, there was no change in
striatal volume, unlike the striatal atrophy observed in the YAC128 and Hip14-/mice (Carroll et al., 2011; Singaraja et al., 2011), but there was, however, a
decrease in corpus callosum volume suggesting a decrease in white matter,
which occurs in both the YAC128 mice and the Hip14-/- mice (Carroll et al., 2011;
Singaraja et al., 2011). In the hippocampus there potentially was an imbalance
between excitatory and inhibitory input to CA1 pyramidal neurons as a result of
loss of Hip14 in adulthood. Whether these alterations of synaptic function in the
hippocampus contribute to the seizure phenotype remains to be seen.
This is the first example of a “conditional knockout” of a DHHC PAT. This
study implicates HIP14 as an essential gene for the maintenance of the adult
mouse, which is not surprising considering that Hip14 is the most highly
conserved of all 23 human PATs (Young et al., 2012). These data suggest that
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there is a compensatory mechanism that occurs during development when Hip14
is lost from conception that cannot occur when it is lost in the adult animal. This
study does not rule out the possibility that HIP14 plays a role in the pathogenesis
of HD, despite the fact that this mouse model does not develop an HD-like
phenotype. In fact, this study shows that HIP14 is important for striatal function
and is an essential gene that if dysfunctional in HD could have hugely detrimental
consequences.
6.2

FUTURE DIRECTIONS

6.2.1 Potential novel function of wild type HTT: Modulator of
palmitoylation
6.2.1.1

Do wild type HTT levels modulate palmitoylation of mutant HTT?

A confounding factor in the studies presented here in the YAC128 and BACHD
mouse models is the presence of two alleles of wtHTT in addition to the one
allele of mHTT. It would be very interesting to know what occurs in the human
situation, i.e. where there is one allele of WT and one allele of mHTT, or in a
YAC128 or BACHD mouse with only one copy of WT murine HTT. Would
palmitoylation of wtHTT be further decreased in these situations? What about
palmitoylation of mHTT? The Hu97/18 mouse is the most like the human
situation. When HTT protein levels are assessed the total HTT levels are similar
to WT mice; however, the Hu18/18 mice are haploinsufficient as they express
less WT human HTT than a mouse expresses murine HTT (Southwell et al.,
2013). It would also be interesting to assess palmitoylation of HTT in Hu97/18
mice compared to WT mice instead of compared to Hu18/18 mice, as was done
here. Also, what happens to palmitoylation in the YAC128 or BACHD mice with
no murine HTT? It would also be interesting to apply these findings to a human
situation to determine if palmitoylation is also disturbed in human HD samples.
6.2.1.2

Does wild type HTT modulate HIP14L activity?

A major missing piece of information that would have implications for many of
these and future studies is whether or not HIP14L is also dysfunctional in the
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presence of the HD mutation as is HIP14 and if WT HTT also modulates HIP14L
PAT function. Given the structural similarities of HIP14L to HIP14, and the fact
that they are both HTT PATs, it is likely that HIP14L is also dysfunctional in HD.
Unfortunately, the lack of a good antibody against HIP14L and the fact that it
does not express well in bacteria or mammalian systems to allow
immunoprecipitation or purification of enzyme has hindered this line of research.
However, the optimization of a HIP14L expression and purification system would
advance this line of research. Indeed, the relationships between HIP14, HIP14L,
HTT are interesting for further research. Do HIP14 and HIP14L form homo and
heterodimers? What would their function be as a heterodimer? What about as a
homodimer? What is the consequence of the DQHC as opposed to the canonical
DHHC motif in HIP14L? It is the only PAT of the 23 human PATs to have a
DHHC motif that differs in any way.
6.2.1.3

How does HTT modulate activity of HIP14?

HTT may modulate the function of HIP14 in several ways. First, HTT is an α–
solenoid protein made up of HEAT (Huntingtin, Elongation factor 3, protein
phosphatase 2A, TOR1) repeats suitable for its function as a scaffolding protein
with many protein-protein interactions (Huang et al., 2011; Li et al., 2006b;
Palidwor et al., 2009; Seong et al., 2010; Takano and Gusella, 2002). It is
possible that HTT may act as a scaffolding protein to bring substrates into close
proximity with HIP14 and HIP14L, acting as an essential linker between PATs
and their other substrates. Second, HTT may act as an allosteric activator of
HIP14 by affecting the conformational structure of HIP14 thereby allowing
substrates to access the DHHC active site (Huang et al., 2011). Third, as HTT
has been shown to be involved in trafficking of organelles along the cytoskeleton,
interacting with multiple motor and motor-associated proteins, HTT may be
important for trafficking HIP14 and/or HIP14L to particular subcellular locations
allowing it to interact with and palmitoylate its substrates (Caviston and Holzbaur,
2009; Huang et al., 2011). Firstly, characterization of the mechanism of
modulation of PAT enzyme function by HTT would greatly advance our
understanding of the role HIP14 may play in HD.
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If HTT acts as an allosteric activator of HIP14, and potentially HIP14L,
binding of a small HTT peptide, including the two binding sites, may enhance
HIP14 and HIP14L activity in the disease state, which would likely have a
beneficial effect by restoring palmitoylation of HTT and other proteins. This would
not be possible without knowing which exact motifs of HTT bind HIP14 and
HIP14L and this study brings us much closer to this goal.
6.2.2 The role of palmitoylation in the pathogenesis of HD
6.2.2.1

What is the normal and pathogenic role of palmitoylation of HTT?

Loss of both Hip14 and Hip14l leads to a 25% decrease in palmitoylation of HTT
in Hip14-/-;Hip14l-/- MEF cells. Ideally, the levels of HTT palmitoylation would be
compared between the Hip14-/-;Hip14l-/- MEF cell lines and the extraembryonic
tissues of Hip14-/-;Hip14l-/- embryos to determine if there is a greater decrease in
HTT palmitoylation in the extraembryonic tissues. Unfortunately, the methods
currently available are not sensitive enough to detect HTT palmitoylation in such
a small amount of tissue. If in the future this is possible, it would provide more
evidence for the hypothesis that decreased HTT palmitoylation contributes to the
similar phenotypes in the extraembryonic tissues of the Hip14-/-;Hip14l-/- and the
Htt-/- embryos. Clearly though, another PAT is able to compensate for loss of
HIP14 and HIP14L to palmitoylate HTT. It would be interesting to know which
other PAT(s) are involved. There was no change in mRNA expression of any of
the other 22 murine DHHC PATs in the Hip14-/-;Hip14l-/- MEFs but there still may
be an increase in protein expression or in activity. At this time there are not
functional antibodies available for most of the other DHHC PATs. The precise
biological role of palmitoylation of HTT in normal mouse development and in the
pathogenesis of HD has yet to be determined. It appears that palmitoylation of
HTT may be essential for embryonic development but to provide definitive
evidence for this a palmitoylation resistant HTT expressing mouse would need to
be generated. At this point, Cys214 appears to be a site of HTT palmitoylation
but it is not the only one (data not shown). The other sites of palmitoylation would
need to be determined in order to answer these questions.
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6.2.3 Ways to restore aberrant palmitoylation in HD
6.2.3.1

Can HD phenotypes in the YAC128 mice be ameliorated by

overexpression of HIP14 or HIP14L?
Downregulation of HIP14 results in increased cell death and inclusion formation,
whereas overexpression of HIP14 when co-transfected with mHTT decreases the
percentage of cells with inclusions (Yanai et al., 2006). HIP14 or HIP14L can be
overexpressed in YAC128 neuronal cell culture or in the CNS of YAC128 mice by
AAV-mediated delivery to determine if levels of palmitoylation are restored and if
HD phenotypes are ameliorated.
6.2.3.2

Does inhibiting the JNK3-HIP14 interaction ameliorate HD-like

phenotypes?
Recent investigations have shown increased activation of the c-Jun N-terminal
kinase (JNK) pathway in both cellular and animal models of HD (Morfini	
  et	
  al.,	
  
2009). JNK3 interaction with HIP14 is enhanced under pathological stress,
promoting increased toxicity and cell death. The NIMoE peptide was designed to
specifically disrupt this interaction. NIMoE protects against NMDA induced
toxicity in neuronal cell culture and decreases infarct size and improves behavior
in a rat stroke model (Yang	
  and	
  Cynader,	
  2011). If when bound to JNK3 HIP14 is
unable to palmitoylate HTT, NIMoE may free HIP14 from the JNK3 complex
making it available to palmitoylate HTT. NIMoE could be used in neuronal culture
to determine if it protects against toxicity in the YAC128 model and if it restores
palmitoylation of HTT and HIP14 substrates by freeing HIP14 from the JNK3
complex. Ultimately, this peptide could also be used in the YAC128 mice to
determine if disruption of this complex is protective in vivo.
6.2.3.3

Is Hip14 gene expression negatively regulated by microRNAs and

could inhibiting these microRNAs increase HIP14 expression and restore
palmitoylation levels in the YAC128 mice?
Six different sites in the HIP14 3’UTR are predicted to be targeted by microRNA
(miRNA) families that are broadly conserved among vertebrates (Table 6.1). The
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expression of these miRNAs could be determined in human and mouse striatum
and cortex by absolute quantitative qRT-PCR. Those expressed at the highest
level in these tissues would then be tested for activity against HIP14 expression
in vitro and in vivo. Ultimately an antisense oligonucleotide inhibitor against the
target miRNA could be developed to increase expression of HIP14. It could then
be tested for amelioration of the HD phenotype in the YAC128 mice.
Table 6.1. Conserved mammalian miRNA regulatory target sites for
conserved miRNA families in the 3’ UTR regions of HIP14 in human and
mouse.
UCSC Browser track TargetScan Release 5.1 (Dec. 2010):
miRNA families
Score – human Score - mouse
97
miR-‐34a/34b-‐5p/34c/34c-‐5p/449/449abc/699 99
90
97
miR-‐148/152	
  
69
91
miR-‐30a/30a-‐5p/30b/30b-‐5p/30cde/384-‐5p	
  
48
nd
miR-‐200bc/429	
  
84
nd
miR-‐204/211	
  
91
nd
miR-‐96/1271	
  
TargetScan Release 6.1 (June 2012) website:
99
97
miR-‐34ac/34bc-‐5p/449abc/449c-‐5p
78
64
miR-‐148ab-‐3p/152	
  
93
91
miR-‐96/507/1271	
  
44
nd
miR-‐200bc/429/548a	
  
61
67
miR-‐204/204b/211	
  
27
16
miR-‐30abcdef/30abe-‐5p/384-‐5p	
  
6.2.3.4

Does APT1, APT2, or some other unidentified APT mediate

depalmitoylation of HTT and HIP14 substrates?
Significant progress has been made in the discovery of PATs and in their
enzymatic mechanism, but regulation of protein depalmitoylation is not as well
understood. Dynamic regulation of palmitoylation has been shown for a number
of proteins, but only four acyl protein thioesterases have been shown to have
APT activity (APT1, APT2, APTL1 and PPT1) (Rusch et al., 2011; Tian et al.,
2012; Tomatis et al., 2010; Verkruyse and Hofmann, 1996; Zeidman et al., 2009).
The list of known substrates of APT1, APT2, and APTL1 is still quite small so it is
still not clear whether they also depalmitoylates other neuronal proteins, such as
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HTT and PSD-95, that have rapid palmitate turnover rates. It is possible that a
yet-to-be-discovered APT(s) regulates protein depalmitoylation in the brain. APTs
will represent an important class of drug targets in HD and other disorders,
including schizophrenia, mental retardation, hypercholesterolemia and cancer, in
which prominent roles for palmitoylation have been implicated (Young et al.,
2012).
To increase HIP14/HIP14L substrate palmitoylation, one can either
increase production or decrease palmitate turnover. Developing therapeutics to
increase PAT activity is technically difficult. In contrast, inhibiting the
thioesterases that catalyze palmitate removal is a highly feasible therapeutic
approach to achieving this outcome. Thus determining which known or yet-to-bediscovered APTs play a role in HD will be instrumental to targeting palmitoylation
in HD.
6.2.3.5

Does FKBP12 facilitate depalmitoylation and/or regulate HIP14

activity?
The prolyl isomerase FKBP12 facilitates depalmitoylation of Ras by isomerization
of a proline residue near the palmitoylated cysteine. FK506, an FDA-approved
drug, inhibits this isomerase activity, restoring Ras palmitoylation (Ahearn et al.,
2011). Some of the therapeutic benefit of FK506 in models of HD (2006) might
be attributable to restored palmitoylation. HTT has several conserved proline
residues near its palmitoylated cysteine making it a good candidate for
depalmitoylation by FKBP12. HIP14 itself may be regulated by FKBP12 as it has
a conserved proline next to the palmitoylated cysteine of its DHHC active site.
FKBP12 may, therefore, be targeted to increase levels of palmitoylation of HTT
and HIP14 and the subsequent activity of HIP14 on its substrates. The effects of
inhibition, overexpression or knockdown of FKBP12 on palmitoylation of HTT,
HIP14 and its substrates could be determined.
6.2.4 The role of HIP14 in seizure-induced death
Firstly, it would be important to confirm via continuous EEG and EKG monitoring
that the iHip14∆/∆ mice do in fact die from seizures. If true, the seizure disorder in
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iHip14∆/∆ mice may be due, in part, to increased surface trafficking of AMPARs.
Indeed, the physiology data suggests that there are more AMPARs at synapses.
Loss of palmitoylation at either site of palmitoylation will lead to increased
synaptic expression of AMPARs (Hayashi et al., 2005). Thus if HIP14
palmitoylates the AMPAR subunits at either of these sites, loss of HIP14 would
lead to increased synaptic AMPAR. Indeed, HIP14 is a PAT for GLUA1 and
GLUA2 (Huang et al., 2009). It would be prudent to determine the levels of
palmitoylation of GLUA1 and GLUA2 and to determine the synaptic expression of
these proteins in the iHip14∆/∆ mice to provide further evidence for this
hypothesis. There are other proteins whose palmitoylation also regulates
synaptic expression of AMPAR subunits, such as AKAP79/150 and JNK3 (Keith
et al., 2012; Yang et al., 2013). Assessing their palmitoylation status and synaptic
localization in the iHip14∆/∆ mice would also be very interesting.
6.3

CONCLUSIONS

Aberrant palmitoylation has been implicated in the pathogenesis of HD by the
observations that some features of the disease are recapitulated in Hip14- and
Hip14l-deficient mice and that HIP14 is dysfunctional in the presence of mHTT.
Not only is HIP14 a PAT for HTT, it appears that wtHTT but not mHTT enhances
HIP14 activity in part due to reduced interaction between HIP14 and mHTT. This
may be the mechanism of HIP14 dysfunction in HD, which would be much more
pronounced in HD than with loss of wtHTT. The replication of some features of
HD in Hip14-deficient mice may not be due wholly to its dysfunctional PAT
activity; other roles of HIP14 that are not a direct effect of palmitoylation may also
contribute. These other roles should be considered when determining how to
target HIP14 therapeutically.
Given the evidence presented here for aberrant palmitoylation in HD, one
therapeutic approach could involve restoring levels of palmitoylation. This would
be achieved either globally by targeting the relevant PATs, i.e. HIP14 and
HIP14L, or thioesterase enzymes or by targeting specific substrates. We have
just begun to understand the complex relationships between PATs,
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thioesterases, and their substrates and we know little about the specific drivers
that regulate this dynamic PTM. In order to appropriately target and predict
potential side effects, a much better understanding of these processes is
required. Given the interplay of palmitoylation with other PTMs, targeting these
PTMs, for example the more easily druggable kinases and phosphatases, may
also be a viable approach for therapy.
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