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Abstract

Protein palmtoylation (also known as -8cylation) is a widespread post
translational modification that regulates the trafficking and function of a diverse
array of proteins. This modification is catalysed by a family of twdnge zDHHC
enzymes that exhibit both spdic and overlapping substrate interactions.
Mutations in the gene encoding zDHHC9 cause -toHehoderate intellectual
disability, seizures, speech and language impairment, hypoplasia of the corpus
callosum and reduced volume of sabrtical structures. i this thesis behavioural
phenotyping, magnetic resonance imaging (MRI), isolation- @ic@ated proteins
and metabolomics were conducted to investigate the effect of knack (KO) of
the Zdhhc9gene in mice in a C57BL/6 genetic backgrodwa firststep, endpoint
and quantitative Polymerase Chain reaction (P@B)e used to confirm KO of
Zdhhc9expressionlnterestingly, althoughihe mutant mie had ablated expression
of mRNAencoding fullength DHH®, the mice did expres reduced levels of a
shotter Zdhhc9transcript. Hbwever, immunoblotting analysis suggesl that this
shorter mRNAragment did not lead to expression ofsable truncated form of
zDHHC%nd further confirmed loss okDHHC®xpression. Aus, the mouse line
appears to be a true krmi-out. The Zdhhc9 KO male mice exhibit a range of
abnormalities compared with their wiltype littermates: altered behaviour in the
opentield test, elevated plus maze and acoustic startle test that is consistent with a
reduced anxiety level; a reduced f@time in the hanging wire test that suggests
underlying hypotonia but which may also be linked to reduced anxiety; deficits in
the Morris water maze test of hippocampaépendent spatial learning and memory;
and a 36% reduction in corpus callosum voluregealed by MRI. Surgingly,
palmitoylation of several important pre and postsynaptic proteins wasnot
disrupted in either whole brain or hippocamg of Zdhhc9 KO mice, includiHgRas
which has previously been proposambe a key substrate of z-DHHQOHBIs suggests

that other unidentified substrates adDHHC®re linked to theobserved changes.

XXIV



Metabolomic profiling identified the pathways of tryptophan metabolism and of
phenylalanine, tyrosine and tryptophan biosynthesis as significantly dysregulated
Zdhhc9 KO mice. Overall, this study highlights a key role for zDHHC9 in brain
development and behaviour and supports the utility of the Zdhhc9 KO mouse line to
investigate molecular and cellular changes linked to intellectual disability and other

deficits in the human population.
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CHAPTER

1 General ntroduction

1.1 Protein palmitoylation

Cellular proteins can be covalently modified with lipids, such as fatty acids,
isoprenoids and cholesterol. These lipid modifications are important in regulating
protein localization and function and are broadly categorized in two groups based
on the location that they take pladdNadolski and Linder, 20Q7)he first category
includes modifications that take place in the cytoplasm or on the cytoplasmic
surface of membranes while the second category includes modificatiatstdke
place in the lumen of the secretory pathwélyadolski and Linder, 20Q7roteins
that are lipidated in the secretory pathway include the secreted proteins Wnt,
Hedgehog and GhrelifResh, 2016)However the vast majority of lipidation takes
place in the cytoplasm of cells.

Among the most common lipid modifications that take place in the
cytoplasm of cells are -Myristoylation, Sacylation and prenylation. N
myristoylation is the attachment of myristic acid ontn N-terminal glycine
following cleavage of the initiating methionine residue, with the typical consensus
sequence MGXXXS/T (M, methionine; G, glycine; X, any amohoSacserine; T,
threonine). Prenylation, on the other hand, typically involves modification of the C
terminal end of a protein, in which farnesyl or geranylgeranyl groups are anided
the cysteine residue of a CXAnotif (C, cysteine; A, any aliphaticiamacid; X any
amino acid) (Resh, 2006)a8ylation is the covalent addition of palmitate and other
long- chain fatty aciddy thioester linkage$o proteins at cysteine residues present
in a variety of sequence contex(€hamberlain and Shipston, 2013part from
palmitate, the addition of stearate, oleat@nd arachidonate to -8cylatedproteins

has been described(EtHusseini and Bredt, 2002Because the lipid palmitate is



most often found at these sites ofa&ylation, this modification is also commonly
referred to as palmitoylation.

Palmitoylation was first reported to occur on a glycoprotein from vesicular
stomatitis virus and subsequently on mammalian proteins in cultured cells (Schmidt
and Schlesinger, 1979; Schlesingearl, 1980). In the followig years, many ther
mammalian proteins werereported to undergo this modification including
heterotrimeric and monomeric G proteins, G prot@iaupled receptors and other
signalling proteingMilligan et al., 1995). In recent years, there have been several
proteomic studies that have profiled the palmitoylated proteins in many eukaryotic
cells from yeast to neurons. These analyses have highlighted the broad diversity of
proteins that undergo palmitoylation, with reports that 10% of the proteome can be
modified in this way (Blanet al, 2015).In contrast to Nmyristoylation and
prenylation, palmitoylation was shown to be reversible on some proteins, such as
the monomeric G proteins, -Ras and MNRas. Specifically, pulshase experiments
using®H palmitic ail estimated the haffife of palmitoylation of HRas and MRas to
be 90 and 20 minutes, respectively (Mageteal, 1987). In addition, many other
signalling and structural proteins also display dynamic palmitoylation cycles and
proteins can undergo sevalrrounds of palmitoylation and depalmitoylation during
their lifetime, either in a constitutive manner or in response to specific signals (El
Husseini et al., 2002).

Palmitoylation is known to occur on a wide variety of proteins and, in contrast
to N-myristoylation and prenylation, does not need a specific sequence other than
the presence of a cysteine residue. Proteins that undergo palmitoylation can be
categorized in two main groups: proteins that are synthesized on free ribosomes
and associate periphally with membranes and integral membrane proteins that
contain transmembrane domains (TMD@Yadolski and Linder, 2007Jhe key
factor determining the palmitoylation of cysteine residues in transmembrane
proteins appears to be the close positioning of cysteines to the membrane interface.

Indeed, recent wik suggested that palmitoylation of cysteine residues in



transmembrane proteins is stochastic and determined by the accessibility of
cysteines to membranbound palmitoylation enzymes (Rodenburg et 2017). A
similar principle appears to apply for solabproteins, which are frequently
palmitoylated at sites adjacent to -Myristoylated or prenylated residues
(Chamberlain and Shipston, 2015)

The most commonly described function p&lmitoylation is to increase the
F FFAYAGE 2F | &a2tdzotS LINRPOGSAY F2NJ YSYO NI
localization and function. For example, palmitoylation efaHdd N Ras is essential
to mediate stable membrane binding to endoplasmictio’lum and Golgi
membranes and allow transport to the plasma membrane, whereas palmitoylation
of the postsynaptic scaffold PSD95 in neurons is essential for association with
transport vesicles that target the pr@n to synapse¢Hancock et al., 1989; Apolloni
et al., 2000; EHusseiniet al, 2002). Although integral membrane proteins are
stably associated with membranes, palmitoylation can also regulate membrane
attachment of cytosolic domains of such proteins, affecting localization and
function. For example, palmitoylation of G protaioupled receptors has been
shown to affect trafficking to the plasma membrane, internalization and/or

interaction with effector proteingChamberlain and Shipston, 2015)

Palmitoylation ca also regulate the membrane micrtocalisation of modified
proteinsand is often proposed to target proteins to cholestehth OK G NI Fi ¢ R?2
For example, the extent of palmitoylation of SNAP25 is proposed to modulate
association of this membrane fasi protein with rafts and in sodoing regulate
exocytosis in neuroendocrine cells (Salaun et al., 2004). Another effect of
palmitoylation is on protein stabilityand blocking palmitoylation often leads to
increased ubiquitination and subsequent degradati{zaldezTaubas and Pelham,

2005).



1.2 Enzymes regulating palmitoylation

The enzymes that regulate palmytiation reactions are Protein Aeyl
Transferases (PATS), which are responsible for catalyzing the addition of fatty acids
to intracellular proteins, ad Acyl Protein Aioesterases (APTs), which mediate
deacylation reactiongKang et al., 2008; Fukata & Fukata, 20I0jpesterases were
identified prior to the identification of PATs. APT1 and APT2 mediate
depalmibylation reactions in the cytoplasm, wherea®rotein Palmitoyl
Thioesterase 1RPT) is localized to lysosomes and is thought to function in the
depalmitoylation of proteins during their degradation (Camipal., 1994; Duncan
and Gilman, 1998).

PAT enzymesvere identified initially in the yeasBaccharomyces cerevisiae
These enzymes, Erf2 (Effect on Ras Function 2) and Akrlp (ampeat
containing protein 1), were shown to mediate palmitoylation of yeast Ras and
casein kinase proteingespectively (Lol et al, 2002; Rothet al, 2002).
Comparison of the amino acid sequences of these PAT enzymes revealed the
presence of a shared 51 amino acid zinc finger DHHC (asphissitine-histidine-
cysteine)cysteinerich domain. This domain is critical for PAGtivity of both
enzymes and was used to search for similar PAT enzymes in mammalian cells.
Subsequently, a family of 2BDHHQ&nhzymes was cloned from mammalian cells
and some of these were shown to exhibit both PAT activity and substrate specificity
(Fukataet al, 2004) All zDHHC enzymes are predicted to be polytopic membrane
proteins and oveexpression analyses have shown their association with different
intracellular compartments but mainly the endoplasmic reticulum and G@lgno
et al, 2006).

Palmitoylation mediated by zDHHC enzymes has been shown to follow-a two
a0SL) LIN2OSaas oKSNB (KS SyileéeyvyS dzyRSNH2S3a
chain transfer to the substrate protei(Mitchell et al, 2010; Jennings and Linder,
2012) Recent structural insight into zDHHC20 and zDHHC15 revealed thegaresen
2F F aLRO1SG¢ 0SG6SSyYy (K fhesdieNdyryed Yh&tY 6 NI y



accommodates the acfloA substrate and affects enzyme fatty acid selectivity

(Greavest al, 2017; Ranat al,, 2018).
1.3 ZDHHCO9 (Zinc Finger DHHC donintaining protein 9)
1.3.1 TheZDHHC@ene and its transcripts

TheZDHHCgeneencodes the maipart of a heterodimer that acts as a PAT
enzyme (Swarthout et al., 2005)The geneis located on the long arm of the X

chromosome in humans, and more specificaliyhe g26.1 chromosomic region.

TheZDHHC®ene consists of 10 exons in human and mouse. The first exon
is untranslated as the ATG initiating codon is located on exon 2 and the stop codon
is located at the beginning of exon 10. In both human and moleeetare 6 mMRNA
transcripts but only two of thesencode for a protein. Mouse transcript 1 has a

length of 2982 bp while transcript 2 is 2815 bp lomgtg://www.ensembl.org.

Northern blot analysis identified a 2.8 KDHHC®anscript in human tissues, which
was highly expressed in brain, kidney, skeletal muscle, lung and liver. However, the
tissue distribution of the endogenousprotein has not been reported tdate
(Swarthout et al., 2005)

1.3.2 ZDHHC%anscript expression in brain

According to a published atlas of the adult human brain transcriptome,
ZDHHCS3s highly expressed at the globus pallidus, vdntmalamus and white
matter (mainly in corpus callosupwhile it shows a low expression level at the
cerebral cortex(Hawrylycz et al., 2012)n the developing human braiZzDHHC9
expression is regionally and temporally regulat@dtp://brainspan.org/). During
the prenatal periodZDHHC3s expressed at low levels throughout the brain.
thalamus, it reahes its peak during the antenatal period while in striatum peak

expression occurs during adulthood.


http://www.ensembl.org/

Based on Allen brain atlas for adult mouse brdidhhc9s expressed mainly
in the corpus callosum, piriform area, hippocampus (CA1l and CA3 pyrameial lay
as well as the granule cell layer of the dentate gyrus). It is also expressed

throughout the cerebellum.
1.3.3 Transcriptional regulation oZDHHC9

A recent study reported that zDHHC9 expression is regulated by a micro RNA,
miR134. Although miRL34 has ben proposed to affect all types of neurons, the
study showed that functionally active miB4 is produced in only a selected
population of neurons, the cortical interneuro€hai et al., 2013)t is known that
synaptic activity stimulates miR34 expression, which then regulates dendrite
growth, spine formation and synaptic ptasty (Schratt et al.,, 2006; Gao et al.,
2010) miR134 interacted directly with the zDHHC9 mRNA in somatostatin positive
(SST+) neurons andelzDHHC9 mRNwas downregulated by neuronal activity
through its interaction withmiR134 (Chai et al., 2013)lhe redwed expression of
zDHHC9 had an effect on Ras localization which is a signalling molecule crucial for
neuronal development and function and which was previously suggested to be
palmitoylated by zDHHGSwarthoutet al., 2005)

Although some actions of miE34 might be localized to the soma of the
neuron, downstream effects could also impact synaptic regiuias effects of
zDHHC9 on synaptic targeting ofRds ad other substrates of this enzyme. The
involvement of the miRL34/zDHHC9/HRas pathway on dendritic growth could
influence spine formation. Finally, the modulation of protein palmitoyltransferases
by activityregulated microRNAs could be a way of influagcsynaptic function
particularly in mature neuronsrhis fas been the case for another microRNAR
138 that wasshownto regulate expressiof depalmitoylation enzyme APTifh
j dZA S&a OSy (i y S dzNRsyi Zynapsds (ahdd taiishy pineDshrinkage
(Banerjee et al., 2009; Siegel et al., 2009). However, it is worth noting thafl88R



expression is repressed by neuronal activity in contrast to-13¥R (Banerjee et al.,
2009; Siegel et al., 2009).

1.3.4 zDHHCO9 structure and function

zDHHC9 is an integral meénane protein of 364 amino acids (aa) with a
mass 0#0,940 Da. It containf®ur predicted transmembrane regions, a prolirieh
domain and a zinfinger DHHC (aspartic aglustidine-histidinecysteine) cysteine
rich domain in the cytoplasmic loop (1382 aa). Azinc fingeris astructural motif
of proteins,characterized by theoordinationof zincionsthat help the stabilisation
of the fold (Klug and Rhodes, 1987)he active site of the enzyme is believed to be
centred at the conserved cysteirdi®9 of theDHHC motis no enzymigc activity is

observed when this residue is substituted by a se(Bwarthoutet al., 2005)

Palmitoylation mediated byDHHC®ccurs in two steps. During thiirst
step, autopalmitoylation takes place and an enzypadmitoyl intermediate is
formed. During the second step, the palmitoyl moiety is transferred to a protein
substrate or if no substrate exists, hydrolysis of the thioester linkage produces the
enzyme and free palmitate (Mitchell et al, 2014) The identified potential
substrates of zDHHCO -tate include H and NRas, BK chante and the b2
adrenergic receptofSwarthoutet al, 2005; Tiaret al, 2010; Adachét al., 2016).
The lack of available zDHHC9 antibodies has prevented analysis of endogenous
zDHHC9 localisation but epitop@gged protein is localized at the endoplasmic
reticulum (ER) and Golgi in mammalian cell lif@warthoutet al, 2005)and the
cell body and neurites in hippocampal neurofi®vyet al, 2011) In yeast, the
homologueof zDHHC9, Erf2, requires association with dactor, Erf4 for PAT
activity (Lobo et al., 2002and initial work with zDHHC9 demonstrated that the

protein alone could not act as a PAT, prompting a search for a human hamealbg
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yeast Erf4. This searchdl¢o the identification of GCP16 as a key protein required
for zDHHC9 functio(Bwarthoutet al., 2005)

1.3.5 Protein alignment between human and mouse zDHHC9

Mouse aml human zDHHC9 proteins consists of 364aa, and the proteins
share a 99.2% similarity and 98.4% identity based on emboss water online program

analysis fittps://www.ebi.ac.uk/Tools/psa/emboss watérFigurel.l).

# Length: 364

# Identity: 358/364 (92.4%)

# Similaricty: 361/364 (99.2%)

# Gaps: 0/364 ( 0.0%)

# Score: 1920.0

=

#

#

EMBOSS_001 1 MSVMVVRKKVIRKWEKLPGRNIFCCDGRVMMARQKGIFYLTLFLILGICT 50
Preerrr e r e r e b e enertnl
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Figurel.l Protein alignment between human (top sequence) anduase (bottorr
sequence) zDHHC9 using Emboss Waldte only amino acid differences .

located in the cytosolic€&rminus of the protein.
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1.4 GCP16 (Golgi Compléssociated Protein of 16kDa)

By searching mammalian genomic databases for orthologues of
Schizosaccharomycgsombe Erf4, researchergdentified GCP16,also known as
GOLGATGolgi Autoantigen Golgin subfamily a{Swarthoutet al, 2005) Northern
blot analysis detected a 1b transcript in all human tissues examined except
colon and thymusGCP16s located on the short arm ahromosome8 in humans,
and more specifically on thpl11.21 chromosomic region.GCP1léhas 137 amino
acids and a molecular mass of 16 kDa. A similarity search reve&ld6
homologues in mouse, nematode, and fly, but not in ye8stdrevisigeand plants
(Ohtaet al., 2003)

GCP16 was first identified in a yeashybrid screen searchinfpr novel
interactions with the Nerminal domain of GCP170(Golgi ComplexAssociated
Protein of 170 KDalOhta et al., 2003) GCP16 is clwcalized with GCP170 and
giantin at the Golgiand overexpression d6CP16n COSL cells inhibited protein
transport from the Golgi to the cell surfag®htaet al, 2003) implying a role for
GCP16 in secretory pathway functio

Labelling experiments with3fl] palmitic acid and mutational analysis
demonstrated that GCP18 palmitoylated at Cys69 and Cyq@Chtaet al, 2003)
Mutant proteins lacking one or the other palmitoylation site retained Golgi
membrane targeting, but a mutant lacking both sites dispersed to the cytoplasm,
indicating that palmitoylaion anchoGCP1@o Golgi membranefOhta et al., 2003)

In conclusion, GCP16 is a palmitoylated membrane protein that is possibly involved

in vesicular transport from the Golgi to the cell surféCdtaet al.,, 2003)

1.5 zDHHCY5CP16 complex

Epitopetagged GCP1@olocalizes with zDHHC®igure 1.2)and the two

proteins coimmunoprecipitated from transfected HEK293 c€hwarthout et al


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=51125

2005) DHHCY9 and GCP16 were also purified as a stoichimmaimplex from
insect cells infected with recombinant zDHHC9 and GCP16 baculo\{fBugashout

et al, 2005) The purified zDHHC9/GCP16 commesplayed PAT &eity towards

both HRas and MRas in vitro. Similar to the Edq&2rf4 complex, zDHHC9 required
GCP16 to function as the PAT feRHs and was inactive in the absence of GCP16,
thus showing that zDHHC9 and GCP16 are functional orthologues of Erf2 and Erf4
(Lobo et al 2002; Swarthouget al, 2005) Both the autopalmitoylation of zDHHC9

and the palmitoylation of HRas and NRas depends upon the presence of GCP16
(Swarthout et al., 2005)The exact role that GCP16 plays in zDHmMESiated
palmitoylation reactions is not presently clebut ZDHHC9 requires GCP16 for its

stability (Swarthout et al 2005)

A DHHC9 GCP16 Overlay

B DHHC9 Giantin Overlay

C DHHC9  TRAP Overlay

Figurel.2 Subcellular distribution of zZDHHC9 and GCP16 in 2B cellySwarthout et al.,
2005) HEK293 cells were transfected with zDHHE9c-His and GFPG CP16 cDNAs. A)

GFRGCP16 was visualized by epifluorescence, and zDMKWEBIs was detected by
indirect immunofluorescence using aiiyc antibody. B) and C) to identify the cellular

structures where zDHHC9 was localized,-B#Xcells were transfected with zDHHM9c-
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Hisand FLAGCP16 cDNAs and processed for immunofluorescence witMgotand ant
giantin or antiTRAPa antibodies. zDHHC9 codistributed with the Golgi marker giantin (B)

and the ER marker TRARC). The cells were visualized by confocal microscopy.

1.6 A palmitoylation- depalmitoylation cycle regulates the subcellular trafficking

of Ras family GTPases, substrates of zDHHC9

At present, only a small number of zDHHC9 substrates is known and among
them are HRas and MRas(Apolloniet al, 2000; Swarthout et al., 200&haiet al.,
2013) Ras is a proteifamily which is ubiquitously expressed in all cell lineages and
organs. All Ras protein family members belong to a class of protein cathed
GTPase and their activity is regulated based on the presesicbound GTP or GDP
Ras proteins are involved tellularsignal transductiorthat regulates cell growth
and differentiation and ee activated by growth factors such as insulin and

epidermal growth facto(Joneson & Ba%agi, 1997; Campbell et al., 1998)

Ras proteins must be localized to the inner surface of the plasma membrane
(PM) to be biologically activéWillumsen et al., 1984). Ras polypeptides ar
synthesized on cytosolic ribosomes and undergo a complex series of post
translational modifications at their -Germinal CAAX motif: farnesylation of the
cysteine, proteolytic removal of the AAX motif and carboxylmethylation of the
farnesylated cysteingCasey et al., 1989; Gutierrez et al., 1989; Hancock et al.,
1989) Farnesylation occurs in the cytoplasm, mediated by farnesyl transferase
whereas proteolysis and carboxylmethylation occur on the cytoplasmic face of the
ER(Hancoclet al, 1989; Resh, 2012The farnesylated cysteine then operates with
a second signal in the upstream hypervariable region to target Ras to the PM. This
second signal in {Ras and HRas is palmitoylation; -Ras is palmitoylated at
cysteines 181 and 184, whereldsRas is monopalmitoylated at Cys 18fancoclet
al., 1989)early in the secretory pathway (at either the ER or Golgi), leading to Ras

trafficking to the PM by vesicular transport.
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In contrast to Hand N Ras, KRas lacks palmitoylation sites and its second
membrane attachment signal is a polybasic domain. Thitei@inal lysine and
arginine rich region mediates the sorting of Ras ait of the conventional exocytic
pathway towards an undefined pathway to the cell surface that bypasses the Golgi
(Apolloniet al., 2000) In contrast, Hand N Ras are palmitoylated at the Golgi and
traffic to the cell surface by the conventional secretory pathwApolloniet al,
2000)

Palmitoylation of Ras proteins is highly dynamic and palmitoylation turnover
dictates the distribution of Hand N Ras on the Golgi and at the PM. Work using
semisynthetic fluorescenRas constructs microinjected into cells suggested that
the haltlife of palmitoylation was on the order of a few minutes and faster than
that predicted by traditionaPH palmitate pulsechase experiments (Magee et al.,
1987 Rocks et al., 2005). Althougihese experiments examined localization of Ras
as proxy for palmitoylation, they highlighted the importance of palmitoylation
turnover in ensuring the correct distribution of the protein at Golgi and PM as a
constuct with a noncleavable thiother linkage between the cysteine and acyl
chain was mislocalised in cells (Rocks et al., 2005). Thus, a Ras cycle was proposed
in which depalmitoylation release Ras from membranes andubsequent

palmitoylationresets its distribution at Golgi and PMigurel.3).
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Figure 1.3 The Ras palmitoylation cycleéschematic representation of the cycle where
depalmitoylation releasefarnesylated HN-Ras from the plasma membrane aratifitates
their distribution to the Golgi where they can be palmitoylated by ZDHHC enzymes, leading

to entry into budding vesicles that deliver/N-Ras back to the plasma membgan

The removal of palmitate from PlMcalized Ras is accelerated by birgdof
FKBPRK506 Binding Protei@nd can be catalyzed by AP{Lyysophospholipase I)
(Duncan and Gilman, 1998&hearn et al., 2011)Depalmitoylated Ras dissociates
from the membrane and accumulates in the Golgi as a result of repalmitoylation.
The degreeof palmitoylation determines Ras temporal and spatial location, as the
dually palmitoylated HRas accumulates to a greater extent at the PM than the
monopalmitoylated N Ras, which is more prominently distributed to the Golgi
(Apolloniet al, 2000) It is important to note that Rocks et.ghroposed that the
palmitoylation of Ras proteins does not require specific recognition by any zDHHC
enzyme, and indeed RNAI knockdown of zDHHC9 had no effect on the trafficking

and localization of Ras constru¢iockst al.,, 2010)
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1.7 Palmitoylation and nervous system function

Proteomic profiling has identified a large number of different classes of
protein that are modified bypalmitoylation (Figure 1.4). In particular, many
regulators of neuronal excitability and function are known to be palmitoylated, such
as the voltagegated sodium channdlScmidt & Catterall, 1987; Bosmans et al.,
2011)and BK channelfTianet al, 2008) Palmitoylation also controls cell surface
expression and function of many ligagdted ion channels, including-amino-3-
hydroxyt 5 methyt4-isoxazolepropionate (AMPA) receptor@layashi et al., 2005)
N-methytD-aspartate (NMDA) receptorfHayashi et al., 2009Kainate receptors
(Pickering et al., 1995pP2X7 receptor§Gonnordet al, 2009) and‘ -aminobutyric
acid (GABA) recepto(&eller et al., 2004; Rathenberg et al., 2004; Fang et al., 2006).
Furthermore, palmitoylation affects the function of voltage gated calc{@nien et
al., 1996; Hurley et al., 2000; Chan et ab0?2)and potassium channel&ubitost
Klug et al., 2005; Jindal et al., 2008; Tian et al., 2@@d)nitoylation has a variety of
effects on these different receptors, for example, regulating the trafficking of AMPA
and NMDA glutamateeceptors and the voltage dependence of Kv1l.1 potassium

channelgGubitosiKlug et al., 2005; Hayashi et, &)05; Hayashi et al2009)
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Figure 1.4 Schematic representation of the various classes of proteins that are
palmitoylated.

Another important target of palmitoylation i®SD$9, a key component of
the postsynaptic scaffolding apparatughich directly regulates NMDA receptor
localization and indirectly affects AMPA receptor localizati@aninteractions with
stargazin(Noritake et al., 2009; Ho et al., 201Zjreatment of neurons with the
non-specific palmitoylation inhibitor -Bromopalmitate results in the dispersal of
PSDS9 and AMPAype glutamate receptors fromysaptic clusters and reduces the
amplitude and frequency of AMPWediated miniature excitatory postsynaptic
currents. Furthermore, glutamatmduced internalization of AMPA receptors
requires palmitoylation ofPSDS and was enhanced with the overexpressioh
palmitoylatedPSD$ (Noritake et al., 2009)The palmitoylation oPSDS$ is dynamic

and regulates synaptic targeting of PSD95, which in turn regulates synaptic strength
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via effects on the synaptic localization of AMPA recep{@&kHusseini et al., 2002;
Mitchell et al., 2006)In addition, AMPAeceptor subunits are palmitoylated at two
sites, which are proposed to regulate trafficking of the protein from the Golgi and
cycling of the receptor at synapsesa regulation of the interaction with the
cytoskeletal protein 4.1NHayashi et al., 2005Furthermore, palmitoylation of
Griplb (utamate receptor interacting protein 1lis proposed to also affect the
localization of AMPA receptors by regulating the trafficking of AMPA receptor
containing vesicleg§Thomas et al., 2@). Thus, the global effects of palmitoylation
on AMPA receptor localization are complex and involve several palmitoylated
proteins (including palmitoylation of AMPA receptors directly). NMDA receptors are
also palmitoylated at two sites that regulate face expression of the receptors
albeit by different mechanisms to those reported for AMPA receptbesyashi et al.,
2009)

Various members of the zDHHC protein family are involved in important
pathways for neuronal function. Apart from zDHHC®oge role will be discussed
further in subsequent chapters, zDHHC2, zDHHC3, zDHHC5, zDHHCS8, zDHHC17 and
zDHHC23 are implicated in key pathways. Briefly, zDHHC2 regulates -activity
dependent palmitoylation of PSD9Bloritake et al., 2009)which impacts AMPA
receptor localization at synapses. AMPA receptor localization is also affected by
zDHHC5/8 via their effects on palmitoylation of GRIPTIiomas et al., 2012nd! -
catenin (Brigidiet al., 2014. zDHHC3 is involved in neuronal regulatemhancing
palmitoylation of the!2 subunit of the GABAA receptdKeller et al., 2004)
zDHHCL17 is a neuronal protein that was first identified by its interaction with
huntingtin (htt) (Singarajaet al, 2002) and which is thought to have many
important neuronal substrate proteins including SNAP25 and cysttiireg protein
(Ohyamaet al., 2007) Neuronal nitric oxide synthase (nNOS) is an inducilid, P
domaincontaining protein that interacts with zDHHC23, a protein expressed in the
postsynaptic density fraction of neuror{Saitohet al., 2004) Protein interactions

with the PDZ domainf nNOS can targehe enzyme toappropriate sites within the
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cell and this process is very crucial fgecifying the sites of generatiaof nitric
oxide in the central nervous systef8aitohet al., 2004)

In addition, asubset of zDHHC enzymegas identifiedthat control the
palmitoylation and function of the STREX (alternatively spliced steggsdated
exon) variant of the large conductance calcium and voHlacievated potassium (BK)
channel (Tian et al., 2010)A dicysteine motif (CysiQys13) within the alternatively
splicedSTREX insert in the C terminus of BK channels is palmitoylated by a subset of
zDHHC enzymes (3, 5, 7, 9 and 17), which impacts the regulation of STREX channels
by protein kinase ATianet al., 2008) Knockdown of any one of five zDHHCs (3, 5, 7,

9 or 17) had very similar effects on palmitoylation status, membrane association,
and the ability to prevent Pkmediated inhibition of STREX channels in HEK293
cells(Tianet al, 2008 2010) It is not clear why knockdown of five different zDHHC
enzymes affects STREX palmitoylation. Each zDHHC might have an effect in
controlling palmitoylation and function because the normal cellular expression of
each ofthese zDHHCs is required for efficient palmitoylation as the channel traffics
to the PM. It may also reflect potential different localization of specific zDHHC
substrate interactions occurring within the trafficking pathway. This may be
particularly impotant for tetrameric proteins like BK channels such that a
combinatorial code of palmitoylation on multiple sites across multiple subunits is
important for the overall palmitoylation status and effect on function. zDHHC9
among the other zDHHCs is an impottadeterminant of STREX BK channel
palmitoylation and STREX domain interaction with thed function.

In contrast to the emerging role of zDHHC enzymes in nervous system
function, less is known about the role of depalmitoylation enzymes. Interestingly
APT1 has been implicated in dendritic spine morphogenesis. Indeed, micybBBNA
was shown to negatively regulate the size of dendritic spines in hippocampal
neurons, and APT1 was identified as a target of this miRNA (Siegel 2008). It
was proposed tht the effects of APT1 knockdown on spines were via increased

palmitoylation of Gi13(Siegekt al., 2009).
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1.8 Other posttranslational modifications important in nervous system function

In addition to palmitoylation, several other pesanslational modifiations
play critical rols as regulators of synaptic transmission and plasticity, which is
important for processes such as learning and memory. Phosphorylation plays a key
role in regulating different forms of neural plasticity such as newutgrowth, and
hippocampal LondJ erm Potentiation (LTP), and plagsrucial role inthe function
of NMDA and AMPA subtypes of glutamate receptors (Pasinelli et al., 1995).

The cytosolic carboxyterminal regions of AMPAR GIuR subunits act as
substrates for various ptein kinases, which regulate AMPAR endocytosis and
channel conductance (Roche at al., 1996; Barria et al., 1997; Mammen et al., 1997;
Derkach et al.,, 1999; Kristensen et al., 2011; Jenkins and Traynelis, 2012). All
AMPAR subunits (GluR1 to GIuR4) are targef kinases such as CaMKII
(Ca2+/calmodulirdependent protein kinase )|l Fyn (Fyn Proto-Oncogene, Src
Family Tyrosine KinageJNK(JUN NTerminal Kinage PKA/C/G(protein kinase
A/C/G)(Shepherd and Huganir, 2007; Lu and Roche, 2012).

GIluR1 and GluR&e widely found in brain tissue and their phosphorylation
has been broadly studied. More specifically, GIuUR1 and 2 represent the vast
majority of hippocampal AMPA receptors (Wenthold et al., 1996). The conductance
of GIuR1 is modulated by phosphorylatiafi Ser831 by PKC/CaMKIl enzymes,
while its opening probability is regulated by phosphorylation of-&dy by PKA
(Roche et al.,, 1996; Derkach et al., 1999). Phosphorylation e84%eregulates
recycling of the receptor and its dephosphorylation is asgediwith the regulation
of LongTerm DepressiofLTD)Ehlers, 2000; Lee et al., 2003; Brown et al., 2005).
Phosphorylation of Ty876 and SeB80 on GIuR2 subunits is important for receptor
endocytosis (Chung et al., 2000, 2003; Hayashi and Huganir). 200¢e precisely,
GRIP1/2 and PICK1 bind to the PDZ ligand in the catborinal tail of GIluR2 and
phosphorylation of TyB76 and SeB80 selectively blocks the binding of GRIP1/2
but not PICK1, leading to enhanced endocytosis and LTD (Matsuda £999;,
Chung et al., 2000).
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The NMDA receptor is phosphorylated on its GIuUN2B subtii8esl166 by
PKA which affects Ca permeation (Murphy et al., 2014). Phosphorylation also
controls the surface and synaptic expression of NMDA receptors in a subunit
specific manner. For example, synaptic activity causes internalisation of Gii&l2B
a clathrindependent pathway, which is strictly regulated by GIuN2B
phosphorylation on Tyt472 site by Fyn/Src kinases. This specific residue belongs to
the YEKL endocytmotif, recognized by the clathrin adaptor APand is essential
for internalization of GIuN2B to commence. Phosphorylation of1By12 inhibits
the binding of AR2, and as a result, endocytosis of the receptor is blocked and its
surface expression is enheed (Lavezzari et al., 2003; Prybylowski et al., 2005).
Fyn/Src kinases are able to directly bind to membrassociated guanylate kinase
(MAGUK) proteinsuch asPSDS$ (Tezuka et al., 1999Yherefore, phosphorylation
of GIUN2B on Tyt472 is enhanced hnteraction of GIuN2B with these scaffolding
proteins and increased phosphorylation of GIUN2B on this specific residue is
associated with the presence of GIuUN2B in synapses.

In addition to phosphorylation, ubiquitination is another pdsinslational
modification with an important role in nervous system function. It is known that the
ubiquitin- proteasome pathway can alter neuronal activity and glutamatergic
neurotransmission. Changes in ubiquitination can cause dynamic changes in the
number and morpholog of dendritic spines and as a result, it modifies synaptic
plasticity and activity (DiAntonio et al., 2001; Mabb and Ehlers, 2010).

Several subunits of AMPA and NMDA receptors are ubiquitinated and
proteomics conducted on rodent brain tissue highlightétuN1, GIuN2A/2B and
GluRX4 as being modified (Na et al., 2012; Wagner et al., 2012). The NMDA
receptor subunits GIuN1 and GIuN2B are ubiquitinated in an actieipendent
manner by ubiquitin E3 ligases Fbx2 and Mind B@nfburd et al., 2008; Kato et al
2010). Moreover, the ubiquitin E3 ligase Needb4#biquitinates GIuN2D (Gautam et
al., 2013). In mammals, AMPA receptor subunits are also ubiquitinated by ubiquitin
E3 ligases APCCdhl, Nedddnd RNF167 (Schwarz et al., 2010; Fu et al., 2011; Lin
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et al, 2011; Lussier et al., 2011, Lussier et al., 2012; Scudder et al., 2014; Widagdo
et al., 2015). It was shown that GIuR1 and GIluN1 ubiquitination is upregulated by
repetitive stress which modulates neuronal activity (Yuen et al., 2012).

Collectively, thelarge body of data on phosphorylation and ubiquitination
highlights the prominent role played by pesanslational modifications in nervous

system function.

1.9 ZDHHC mutations and disease

Mutations in DHHC enzyme family habeen linked to different forms fo
cancer. Mutations iZDHHCQvere identified in leukaemia and colorectal cancer
and will be further discussed in the next sections. Dysregulated expression
(downregulation) ofZDHHCZhas been found in colorectal cancand gastric
adenocarcinomalue to muations (Oyama et al., 2000; Yan et al., 2013). Moreover,
downregulation ofZDHHC14xpression has been identified fasticular germ ceél
tumors and prostate cancer while overexpression has been foarghstric cancer
and leukemia(Anami et al., 2010; Yet al., 2011; Yest¥elascoet al., 2014). An
increase incopy number ofZDHHC1lhas been describedh lung and bladder

cancers (Yamamoto et al., 2007; Kang et al., 2008).

In addition to cancer, there are several links between palmitoylation
enzymes andeurological disorders. A SNP in ®iBHHC8enehas been associated
with an increased risk of schizophrenia in one stulfjukai et al., 2004). Two
SR Syt evySa KIF@S 06SSy Ayl DRHCERand dzy G A
ZzDHHC17Although there is no dirécclinical link between these enzymes and HD,
an association has been suggast because the enzymes palmitoylatide
huntingtin protein (HTT) (Yanai et al., 20@anders & Hayden, 2013t has also
been suggested that HTT positively regulates zDHHC ymeaiz activity, perhaps
acting as a cfactor (Huang et al., 2011). The possibility that the zDHHC17/13:HTT

interaction is relevant to HD is supported by the observation that pathogenic
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expansion of the polyglutamine region of HTT leads to loss of pallaiion of HTT
and lcss of HTT regulation of zDHHGY@nai et al., 20Q6Huang et al., 2011).

Mutations in ZDHHC9and ZDHHC15have been linked to intellectual
disability. A chromosomal translocation containid®HHC1%as identified in a
single patient wth severe ID(Mansouriet al, 2005) whereas lhe mutations
identified inZDHHC@reate either truncated proteins that lack the catalytic domain
of the enzyme or amino acid substitutions in the catalytic domain that decrease the
steady state level of enzyme autoacylation, which is intimately linked with
palmitoykransferase activity(Raymondet al, 2007; Mitchellet al, 2010, 2014;
Jennings and Linder, 2012)herefore, it is likely that defts caused by these
mutations in theZDHHC3ene arise due to a loss gllmitoylation of specific
substrate proteinsThe following table summarizes the links of zDHHC enzymes to

disease.

Tale 1.1 Links d zDHHC enzymes to disease.
Disorder Enzymes = Summary on molecular data References

X-linked ID zDHHC9, Mutations in ZDHHCO9cause Mansouri et al
zDHHC15 loss d function or reduced 2005;

enzymatic function.
Raymond et aj

2007,

Chromosomal translocatiol

containingZDHHC15.
Mitchell et al, 2010,

2014; Jennings an
Linder, 2012

Schizophrenia zDHHC8  SNP in ZDHHC8associated Mukai et al., 2004

with increased risk.

| dzy G A y 3l 2 zDHHC13, The enzymes palmitoylat Yanai et al., 2006;
disease zDHHC17 huntingtin  protein  (HTT)

. . Huang et al., 2011,
pathogenic  expansion ¢
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Infantile neuronal
ceroid

lipofuscinosis

Colorectal cancer

Leukaemia

Testicular and

prostate cancer

Gastric cancer

Lung cancer

Bladder cancer

PPT1

zDHHC9,
zDHHC2

ZDHHC9,
zDHHC14

zDHHC14

zDHHC2,
zDHHC14

zDHHC11

zDHHC11

polyglutamine rgion of HTT
leads to loss of it
palmitoylation and loss of HT

regulation of zDHHC17.

Mutations causaundetectable

enzymatic activity.

Downregulation of ZDHHC?2
upregulation ofZDHHCO9.

ZDHHC14
zDHHC9 inactivation

overexpressed
slows
down the development of

myeloid leukaemia.

Downregulation of expressio
in testicular germ cell tumour:

and prostate cancer.

Dowrregulation ofZDHHC
gastric adenocarcinome
Overexpressionof ZDHHC14

in gastric cancer.

Increase in copy number.

Increase in copy number.

Sanders & Hayder
2015

Vesa etal., 1995

Oyama et al., 2000;

Birkenkamp
Demtroder
2002; Mansilla et al
2007

et al

Yu et al., 2011;

Liu et al, 2016

YesteVelasco et al.
2014

Anami et al., 2010;

Yan et al., 2013

Kang et al., 2008

Yamamoto et B,
2007
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Finally, nutations in PPT1 which encodes for palmitpybtein thioesterase
1 have been shown to cause infantile neuronal ceroid lipofuscinosis, a

neurodegenerative lysosomatorage disorder with eartpnset (Vesa et al., 1995).

1.9.1 Intellectual disability

Intellectual disability (ID, formerly known as mental retardation), is a
generalizedneurodevelopmentaldisorder characterised by deficits in intellectual
functions such as learning and problem solving, and in adaptive functions such as
practical and social skills (San Martin and Pagani, 2014). More specifically, ID is
characterized by intelligence quotie(iQ) score lower thary0 and by deficits in at
least two adaptive functions that genenglaffect the every day life. Thacidence

of IDis 1.04 % according to a meaaalysis studyMaulik et al., 2011)

ID causes significant limitations both in intellectual functioning referring to
general mental capacity (such as leiag, reasoning, and problem solving) and in
adaptive behaviour comprising conceptual, social and practical skills and originates
before the age of 18Adaptive behaviouris a type ofbehaviourthat is used to
adjust to another type obehaviouror situation. This is often characterized as a
kind of behaviour that allows anindividual to change a nostonstructive or
disruptive behaviourto somethingmore constructive. Thesbehavious are most
often social or persondlehavious. For example a constargpetitive actioncould

be refocused on something that creates or builds something.

ID is the most prevalent severe handicap in children and can be caused by
environmental and/or genetic factors (Ropers, 2010)inKed intellectual disability
(XLID), which arises from mutations in genes on tlehrdmosome accounts for
about 10;12% of tle ID seen in males (Ropers, 2010). It is a genetically
heterogeneous disorder with more than 100 genes currently describiast genes
are responsible for a small proportion of patients only, which has hitherto

hampered the systematic screening of largeigat cohorts.
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1.9.2 Effects ofZDHHC®utations on the nervous system

Mutations inZDHHC%ave been shown to cause a number of symptoms,
including XD, epilepsy, and speech and attention defi¢giggaymondet al.,, 2007;
Bakeret al, 2015) Furthermore, hypoplasia of the corpus callosum was identified
together with a reduced volume of stdwrtical structures such as the thalamus and
striatum. The first study that described subjects wABHHC®nutations identified
inherited mutations inZDHHC9n four of 250 families with XLID via a systematic
Sanger resequencing screen of coding exons and splice junctions of all X
chromosome genefRaymoncet al, 2007) In three of the families of the study, the
ID phenotype was associated with a Marfanoid Habitus, but none of the affected

individuals met the Ghent criteria for Marfan syndrome.

The identified mutations iZDHHCvere one frame shift mutation, one
splice site mutation and two missense mutationsl Wutations affected highly
conserved amino acid residues of zDHHB&ymondet al, 2007) The two
nonsense mutations create a truncation and a frame shift, both deleting the
essential DHHC catalytic domain of zDHHC9. The two missense mutations led to
singleamino acid changes in the DHHC domain of zDHHC9 (R148W and P150S) and
reduce the steady state level of autopalmitoylated zDHId@®chell et al., 2014)
Autopalmitoylation of zDHHC enzymes is essential for their subsequent
palmitoylation of substrate proteins. In a later studlie coding exons of the X
chromosome were sequenced 208 families with XLIDrarpeyet al, 2010) One
frameshift mutation andone splice site mutation iZDHHCvere identified in 2
independent families. In addition to ID, the phenotype of the patsemicluded

Marfanoid Habitus.

Loss of function (or reduced function) mutations ADHHCSre likely to
cause the reported symptoms due to reduced palmitoylation of specific substrate
proteins. For example, this couddter the relative proportion of RASqdeins within

the different compartments of nerve cells. Interestingly, mutations iR&$ cause
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Costello syndrome, which is characterized by ID (Aoki et al., 2005) and mutations in
N-Ras cause Noonan syndrome which is also characterized {@eliayeret al.,
2012)

1.9.2.1 ZDHHC9 mutations and epilepsy

Rolandic epilepsy (RE) also known as Benign Childhood Epilepsy with- Centro
Temporal Spikes, (BECTS) is the most frequentyndsed epilepsy syndrome of
childhood (Panayiotopoulos et al., 2008)A recent study associatedDHHC9
mutations to thistype of epilepsy(Bakeret al, 2015) The study included all the
known cases of XLID dueZ®HHC®nutations in the United Kingdom. The authors
described neurologicatognitive and neuroanatomical characteristics of nine males
from three families with lossf-function mutations. Seven out of nine males with
ZDHHC9%nutations had been diagnosed with epilepsy. The prevalence of epileptic
seizures in males witZDHHC9nutations was at least triple that expected for
patients with ID and seven times that expected for mild ZDHHCY9nutations
correlate with susceptibility to focal seizures. Cognitive deficits in patients with
ZDHHC®outations were present either when thereas an overt seizure history or
not, were present before the overt seizures started, and were still obvious many
years after seizure remission, characteristics reminiscent of idiopathic (mixed
etiology) RE. In the idiopathic RE cohort, cognitive performasceariable and
neuroanatomical abnormalities are very mild among patients, in contrast to the
cohort of ZDHHC®nutation patients which is described by relatively homogenous
cognitive and neuroanatomical abnormalities.

Cognitive deficits in patients witEDHHC9nutations are assdated with
mild to moderate ID together withinguistic and nodinguistic deficits that are also
present in idiopathic RE such as impaired oromotor control, reduced verbal fluency,
and reduced inhibitory control on visual atteomn tasks(Bakeret al, 2015) Verbal
dyspraxia and speech processing deficit are often present in familial and sporadic RE

(Lundberget al., 2005). As regards the isipment in inhibitory control mechanisms,
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children with RE have been also described presenting this deficit possibly suggesting
that rolandic seizure activity affects the proper development of attentional control

networks.

There ishigher consistency inaurological and cognitive deficits than in
physical deficits in patients witADHHC®nutations as only in three out of the five
families patientsdid presentwith Marfanoid Habitus whereasall families include
patients with epilepsy, oromotor deficitsD] and shrinked corpus callosuiBaker
et al, 2015) It is possible that characterization of neurological and cognitive
functions could help interpretation of genomitest results more than the

characterization of physical dysmorphology in neurodevelopmental disorders.

1.9.2.2 ZDHHC9 mutatiorare associated with hypoplasia of corpus callosum

The first link between zDHHC9 and the corpus callosum came from a study
showing that a pathogeniZDHHC9nutation was associated with nesyndromic
mild ID (MasurelPauletet al, 2014) The nonsense mutation (p.Arg298*) was
identified in a family by parallel sequencing of all X chreamee exons. An lgear
old patient and his 4@ear old maternal uncle were characterized by lingual
fasciculation, limited extension of the elbows and the joints of the hands. The
patients did not have any facial dysmorphism or Marfanoid Habitus. Braih MR
revealed dysplasia of corpus callosuntMasuretPaulet et al, 2014) Another
interesting characteristic is that both patients exhibited anxiety disorder.

Hypoplasia of the corpus callosum (generalized segmental) was
subsequently shown to be a common neuroanatomical characteristi€DRHC9
patients, at ages from early childhood to radulthood(MasuretPaulet et al., 2014;
Baker et al., 20155hrinkage ofhe corpus callosum and especially in its posterior
connections between temporal cortices has been voesly described in some
neurodevelopmental disorders that are accompanied by expressive language deficit

(Halgrenet al, 2012; Northamet al,, 2012) ZDHHC@ysfunction could therefore
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serve as a model to study threlationship between hypoplasia of corpus callosum,
epilepsy, oromotor dysfunction and cognitive development.
The following table summarizes the key featureshafzDHHC9 enzyme and

the effect ofZDHHC®utations.

Tablel.2 Key features of zDHHCO.

Summary References

MRNA e&pression Highly expressed in brait Swarthout et al., 2005
kidney, skeletal muscle, lun
and liver, lower expression i
heart, colon, placenta, sma

intestine, peripheral blooc

leukocytes, spleen an
thymus.
Localisation (for  Endoplasmic aticulum (ER] Swarthout et al 2005;

transfected epitope and Golgi in mammalian ce Levy et al 2011
tagged zDHHQ9 lines, the cell body an
neurites in  hippocampa

neurons.

Potential substrates H-Ras, NRas, STREX, b&a Swarthout et al 2005;
AdrenergicReceptor. Tian et al, 2010;

Adachi et al 2016

Phenotypes of patients ID, epilepsyspeech and Raymond et al 2007,
with ZDHHC®nutations = attention deficits, corpus MasuretPaulet et al
affecting the nervous callosumshrinkage, reduced 2014;Baker et al 2015
system volume of thalamus anc

striatum, marfanoid habitus.
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Mutations  identified R148W, P150S, R29¢ Raymond et al 2007;
affecting the nervous Y59Sfs*33, T11fs*33 MasurelPaulet et al,
system 2014;Baker et al 2015

Known or predicted Truncated proteins that lacl Raymond et al 2007,

effect of mutations the catalytic domain or ¢ Mitchell et al, 2010,
decrease of the steady s@ 2014; Jennigs and
level of enzyme Linder, 2012

autopalmitoylation

1.9.3 ZDHHG@ dysfunction as a cause of othdisorders

Differential expression of th& DHHC3yene has been also implicated in
colorectal cance(Mansillaet al., 2007) Furthermore, zDHHC9 may be important in
the development ofleukaemia(Liu et al, 2016) A microarray study showed that
ZDHHCvas upregulated in human colon adenocarcinoma samples compared to
normal colon mucosa (Birkenkanrfemtroderet al., 2002) Another study validated
this result and also showed thaZDHHC9overexpres®on was specific for
gastrointestinal tumours and its overexpressiosignificantly decreased the
proliferation of microsatellite stable cell lines (Mansilla et al., 2007). TADSHCI
is highly expressed in microsatellite stable colon tumours althougblisis not yet
characterised for this type of canc@ansillaet al., 2007)

zDHHC9 has also been suggested to have an important role in
leukemogenesis induced by oncogeni®kBs(Liuet al, 2016) It was demonstrated
that zDHHC9 is a Ras palmitogitsferase in vivo although knockout of this enzyme
only partially affected Ras palmitoylation. zDHHCY inactivation inhibited oncogenic
N-Ras plasmamembrane translocation and cellular transformation, significantly
slowed down the development of myeloidukaemia and led to an improvement in

overall survival of mice. However, although zDHHC9 inactivation could delay the
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leukaemia progress, it could not completely eliminate it (Liu et al.,, 2016).
Nevertheless, this study highlights the potential of zDHHG®itors to be used in

leukaemia treatment.

1.10 Genetic animal models of ID
1.10.1 Downsyndrome

Down syndrome is the most common genetic cause of ID with an incidence
of 1 in 733 live births, caused by trisomy of chromosome 21 (Lejeune et al., 1959;
Canfield et al.2006). This disorder is characterised by deficits in learning, memory
and language skill@Nelsonet al, 2005) Many patients with Down Syndrome also
suffer from cardiovascular problems, a higher incidence of leukemia, immunological
dysfunction, premature aging, hypotonia, and brain accumulation of plaques
NEBYAYyAaOSyd 2F !'f1 KSAYSNRa RA&SEHasS LI |d
third decade of life (Epstein, 199Bpizen, 2001)Brains of Dowsyndromepatients
show morphological changes such as cortical shrinkage, increased neuronal density,
loss of basal forebrain cholinergic neurons, dnearebellum and dendritic spine
changes in neocortex (Takashima et al., 1981; Scott et al., 1983; Epstein, 1995; Seidl
et al., 2001).

Mouse models of Dowrsyndromehave been developed that carry extra
parts of mouse chromosome61(MMUL16;named Ts65Dn, T€Je andMs1Ts65
mouse models) or of human chromosome 21 (HSA21).

Ts65Dn mice have an extra copy of about 104 mouse genes orthologous to
those on HSA21 and therefore are considered partially trisomic. This animal model
recapitulates most developmental antunctional deficits of Downsyndrome
patients compared to the rest of the models developeettte. To be more precise,
the mice exhibit sensorgnotor and behavioural developmental delay, hyperactivity

and learning and memory deficits in adulthood (Daumssd al., 1993; Coussons
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Read & Crnic, 1996; Holtzman et al., 1996Escorihuela et al., 1998)
Neuroanatomical studies show that Ts65Dn mice have decreased volume of CA2
region and decreased neuronalumber in the dentate gyrus of hippocampus
(Insausti et al., 1998). Changes in the structure of dendritic spines in the cortex and
hippocampus and dysfunction of hippampal LTPhave also been described
(Escorihuela et al., 1995; Reeves et al., 1995, ribseda et al., 1998; Sago et al.,
2000). Moreover, functional abnormalities have been found in the noradrenergic
projections to the cerebral cortex and hippocampus, but not in the cerebellum
(Dierssen et al., 1997). Based on those data, alterations imogeunesis and/or
neuronal migration are believed to cause those changes. Because of the loss of
basal forebrain cholinergic neurons that is also described in this animal model, it
a2 aSNwWsSa a I Y2RSt F2NJ ! 1 KSAYSNRa

Ts1@ mice, which are trisomic for a shorter part of MMU16 (about 81
genes), show similar changes but with a less severe phenotype (Sago et al., 1998;
Sago et al., 2000; Siarey et al., 2005; Belichenko et al., 2007; Belichenko et al.,
2009). The mice have Hder learning deficits than those of Ts65Dn, such as a slight
impairment in spatial learning and mild hypoactivity and they do not show
degeneration in basal forebrain cholinergic neurons (Sago et al., 1998, Sago et al.,
2000). Ms1Ts65 micavhich are parially trisomic carrying an extra copy of a
shorter MMU16 segment, show deficits in a spatial navigation task and have overall
milder phenotypic deficits compared to Ts65Dn and Ts1Cje mouse models (Sago et
al., 2000).

In addition to the already describedigbmic mouse models, transgenic mice
for Downsyndromehave been developed by inserting yeast artificial chromosomes
(YAC) into the murine genome. The YACs include Down syndrome Critical Region 1
(DCR1) which is a part of the human chromosome 21. Two &€, the 230E8 and
152F7 linesshow learning and memory impairments in the Morris water maze in

adulthood (Smith et al., 1997). The 152F7 line does not show neuropathological
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changes that could explain the learning and memory deficits. In contrasf30ES8
line shows higher cortical neuronal density (Smith et al., 1997).

Apart from the above, a mouse line overexpressing the Dewmdrome
candidate genédyrklg aDrosophila minibraimmomologue that plays an important
role in brain development and functi, is also a model of Dowsyndrome(Okui et
al., 1999; Hammerle et al., 2002). DYRK1A protein which is a dare@nine
kinase, phosphorylates the microtubddessociated protein tau and the cyehdP
response element binding protein (CREB) among stfi&oods et al., 2001; Yang
et al., 2001). Transgenic mice overexpresfiyglain the forebrain exhibit delay
in motor responseg¢Altafaj et al., 2001)Adult mice are hyperactive in an open field
and show adeficit in learning and memory in Morris water magkltafaj et al.,
2001) Loss of botiDyrklacopies in mice is embryonic lethal, while heterozygous
mice have decreased brain and body size and developmestal dFotaki et al.,
2002).

1.10.2 Fragile X syndrome

X-linked intellectual disability accounts for 5% of all intellectual disability
cases, with a 2(B0% higher prevalence in males than females (Herbst and Miller,
1980). Xinked intellectual disability is tagorised as either syndromal or non
specific(Branchiet al, 20®). In syndromal form of XLID, cognitive dysfunction is
one part of a complex syndrome that is characterized by developmental
abnormalities, such as changes in normal brain connectivity. Fragile X syndrome
(FXS) is the most commonly inherited form of sgmdal XLID as it repsents 1%

20% of all XLID casgRurner et al., 1996). FXS affects 1 in 1400 males and 1 in 2500
females(Scorza and Cavalheiro, 20,lahd is caused by an unstable DNA region on
the X chromosome that becomes highly expanded when inherited. At the molecular
level, an increase inKtS ydzYoSNJ 2F NBLISFGa 27F |
untranslated region oFMR1gene causes the disorder. The healthy population has

between &50 CGG trinucleotides, while FXS patients have more than 230 (Pieretti
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et al., 1991). Hypermethylation of theinucleotide area and the promoter area
takes place, inhibiting expression of tkkiR1gene and the production of the
Fragile X Mental Retardation Protein (FMRP) (Verheijj et al., 1993). This protein is a
RNAbinding protein involved in brain development ggnmore specifically, in
synaptogenesis (Khandjian et al., 1999).

FXS patients exhibit attention deficit, hyperactivity, autism and epilepsy
(Bakker & Oostra, 2003). These phenotypes are recapitulatéthil KO mice that
have abnormal expregm of GABAeceptor subunits (Bakker et al994; Curia et
al., 2009).Fmr1 KO mice display impaired flexibility in spatial learning during the
reversal phase of Morris water maze (Bakker etraldpcpn T 5QI 223S SiG |
Moreover they exhibit increased explorajoractivity. Histological studies show
abnormalities in dendritic spines and higher spine density in pyramidal cells of
occipital cortex inFmrlKO mice (Comery et al., 1997). These findings, which are
similar to abnormalities observed in FXS patients, stibat FMRP plays an

important role in synaptic maturation and pruning.

1.10.3 Rett syndrome

Rett syndrome (RTT) is a neurodevelopmental disorder affecting mostly
females, with a prevalence of 1:10,0(ZD,000(Branchiet al., 2003) Affected girls
exhibit abnormal motor gait, stereotypic hand movements and autifte
behavour. Moreover, most patients show speech abnormalities and severe
cognitive deficits with low 1Q (Dunn and MacLeod, 2001). One striking fact about
RTT is that patients look normal at birth, but when they reach 6 to 18 months of life,
they show regressionfasome acquired skills, such as speech, communication and
motor coordination. Mutations in theVIECPZyene located on the X chromosome
cause the disease in most of the cases. The gene encodes for MeCP2-Ops&hy|
binding protein 2), a protein that bindspscifically to methylated CpG DNA
sequences and along with histone deacetylases, condenses chromatin structure

making DNA inaccessible to transcriptional factors thus suppressing the expression
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of various genesMECP4s ubiquitouslyexpressed, suggestirtgat MeCP2protein

is a global regulator of DNA expression in various tissues. MeCP2 binds to intergenic
and intronic and sparsely methylated promoters of active genes, suppressing their
expression (LaSalle and Yasui, 2009).

Various mouse models have bedavebped for the study of RTT providing
valuable information abouthe pathophysiology of the disease. A mouse model was
created that expresses a truncated MeCP2 protein and recapitulates many
behavioural aspects of the disorder (Shahbazian et al., 2008)e precisely, the
mice do not differ from their wild type littermates until 6 weeks of age, but after
that age they progressively show motor deficits and anxigsy phenotypes.
Moreover, during a tail suspension test, they show stereotypic forelimlements.
However, the mice producing the truncated MeCP2 protein do not exhibit severe
cognitive deficits when tested in a water maze or a contextual fear conditioning task,
thus not recapitulating the severe ID of RTT patients.

A second mouse model of TR (Mecp2null mice) does not show any
abnormal characteristics at birth, and only starts to display motor deficits and an
abnormal increase in body weight at 5 weeks of age which is not related to the
syndrome (Chen et al., 2001). Male mice are hemizydouthe MECP2nutation,
and do not produce a functional protein, which causes a high mortality by 10 weeks
of age (Chen et al., 2001). Female mice which are heterozygous produce varying
amounts of functional protein and exhibit a less severe phenotypea(s et al.,
2007). The mice display some cognitive abnormalities in fear conditioning and
object recognition memory (Stearns et al., 2007).

A third mouse modeWith mice lackingMecp2using CrdoxP technology,
starts showing motor deficits, breathindifficulties (which are also present in
patients with RT) and weight gain between 3 and 8 weeks of age (Guy et al., 2001).

RTT syndrome shows a broad range of variant forms with different severity
(Webb and Latif, 2001). The different mouse models tiate been characterised

recapitulate different aspects of this syndrome and are probably relevant for the
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study of those specific aspects. As this syndrome is caused by dysfunction of a
crucial protein for gene expression regulation, it is highly posditde various
neurotransmitters, different brain regions armehavioual processes are disrupted,
affecting different developmental time points (Bergéweeney, 2003). RTT is a
disorder that affects neuronal development and early brain growth as prel
post-synaptic compoents of synapses are affectédohnston et al., 1995; Naidu,
1997). A hypothesis for the regressive nature of this disorder is that MeCP2
mutations could disrupt synaptic proliferation and pruning at a developmental
period where most othe synaptic proliferation is taking place in cerebral cortex (7

18 months in humans, and first weeks of life in mice) (Johnston et al., 2001). This
would suggest that abnormalities in neuronal maturation are a main cause of the

behavioural manifestations RTT.

1.10.4 Non-syndromic XLID

In contrast to syndromal XLID where intellectual disability is a secondary
characteristic of serious brain dysfunction with a developmental causespeaific
XLID can offer useful information about the dysregulation of lgickl pathways as
a cause of developmentalelay. For this reason, nesyndromic forms of XLID
provide an important way to characterise genes, molecular pathways and cellular
processes underlying cognition, providing a deeper understanding of cognition fro
I 0A2f23A0Ff LISNRALSOIADS o6/ KSttes mphppT
Many genes have been implicatéd nonsyndromic XLID includinGDI1
(GDP Dissociation Inhibitor IBranchiet al, 2003) This gene encodes for a
rabGDHRdissociation inhibitor that mediates vesicle fusion and intracellular
trafficking (Bienvenu et al., 1998), crucial for axonal and dentritic outgrowth during
YSAZNR Yl f YIFGdzNF GA2y 05Q! RI YGai1dS kot exHibid> M o
any gross behavioural abnormalities in a variety of tasks, nevertheless they show a
deficit in hppocampaldependent tasks that test sheterm memory. Moreover the

KO mice have abnormal sociability, showing lower aggression levels than normal
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electrophysiology showed thabdil KO mice exhibit a specific synaptic plasticity

impairment implying that abnormal neuronal activity may cause the behavioural

RSTAOAGA GKIG 6SNB NB@SHESR 65Q!' RFY2 S |
Apart fromGDI1 most of theother genes identified as responsible for ron

syndromal XLID, encode for regulators of the Ras superfamily of small GTPases or

their effectors (Chelly, 1999; Toniolo, 2000).

1.11 Molecular and cellular mechanisms implicated in ID

Disruption of several cellular processes and pathways has been linked to
devebpment if ID, as already shown by the various animal models ®fllitations
in genes carcauselD because ofbnormalities in neurodevelopment and brain
formation or because of dysfunction aholecular mechanisms involved in plasticity
and organisation afynapsegVaillend et al., 2008)

Brain plasticity is a fundamental property of the nervous system at a
functional and structural level and it is involved in various processes from memory
storage to nevous system development and regeneration after inj(Maillend et
al., 2008) Disruption of this brain plasticity is established asase of IDPlasticity
related genes when mutated, cause ID as theymally play an important role in
activity-dependent proesses, such asynaptic organization at a molecular level,
intracellular signalling regulating gene expression, and neuronal cytoskeleton
remodelling during darning and memory formation.h& role of some of these
genes is cellype or brainregionspecific or even timapecific during lifespan
(Vaillend et al.,, 2008)therefore wten it is disturled, it can cause severe
phenotypes.

Although mechaisms of neurogenesis and neuronal migration during
development are not normally defined as processes of plasticity, those mechanisms

are affected in most of inherited disorders of nervous system and sometimes genes
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involved in neurodevelopment are also otved in adult neurogenesis and plasticity
(Esposito et al., 2005; Hevner et al., 2006). Therefore we cannot refer to
neurodevelopment and plasticity as two totally different proces<gmnes that are
involved in mechanisms of neurogenesis and neuronatatian, such as actin and
microtubule-cytoskeletal associated proteins and proteins that are involved in signal
transduction pathwayswhen mutated cause severe behavioural deficits

The cause of ID can be related to both neuronal and glial abnormaditiels,
in case of affected membrane or cytoskeletal stability, glycosylation or
mitochondrial processes, muscle dysfunction is also present along with ID.

Studies of ID like the current one, could provide us with valuable
information about brain plasticitynechanisms. At the same time, studying brain
plasticity could open new roads in the identification of new gemaatations in

which can cause ID.

1.12 Metabolic iomarkers of intellectual disability

A predictive biomarker is a biomarker that can be used stneate the
likelihood of a particular future everiBaum, 2016)The firstmetabolicbiomarker
of intellectual disability that was identified was for phenylketonuria, and elevated
blood phenylalanine levels can be used as a predictive biomarker of gusddr
(Baum, 2016)

Most people with high levels of blood phenylalanine have polymporphisms
or mutations in the phenylalanine hydroxylase gene that leads to an inability to
metabolize phenylalanine (Scriver & Waters, 1998)is defect in phenylalanine
hydroxylase activity causes a buigd of phenylalanine and, subsequently,
progressive and severe brain damage. Therefore, high blood phenylalanine levels
are a causal predictive biomarker of severe ID.

Asbjarn Fglling first discovered the metabolic dystion in phenylketonuria

through a urine biomarker called phenylpyruvic acid rather than a blood biomarker
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(Centerwall & Centerwall, 2000). When there is dysfunction of normal

phenylalanine metabolism, phenylalanine is processed through other pathways,
which leads to secretion of phenylpyruvic acid in urine. Therefore, high urine
concentration of phenylpyruvic acid is also a predictive biomarker of 1D, but not
causative of this disorder. A diet low in phenylalanine can also decrease blood
phenylalanine angbhenylpyruvic acid in urine.

Studies have suggested a role for an altered inflammatory response in ID in
patients with Down Syndrome (DS). Serum levels of a number of inflammatory
biomarkers were assessed such as serum amyloid A (S#e8ctive protein(GRP),
and high mobility group bet (HMGB1) in DS patients and cognitively healthy
controls. SAA, -BP and HMGB1 were significantly higher in DS patients compared
to healthy controls(Manti et al, 2018) Moreover, serum RP was inversely
correlated with IQ in DS patienganti et al., 2018)

Moreover, in a family study of ID, sy f S@Sfa 2F Ly adSNI Sdz
and Interleukin 6 (IL6) were significantly different between the family members
with ID and controls(Aureli, 2014) In this study, the patients had a positive
association of ID with polymorphisms in brain derived neurotrophic factor (BDNF),
IL6 and interleukin 1 recept@ntagonist (ILLRA) genes.

Overall, a small amount of reseach has been conducted in order to discover
metabolic biomarkers for ID but hopefully future studies will highlight new

molecules involved.

1.13 Aims of thisthesis

In humans, mutations iZDHHC@auseXLID with Rolandic epilepsy, and speech
and attention problems. Moreover in most of the patients describeadabe,
hypoplasia of corpus callosum is a common characteristic. The aim of this study is to
examine how the knockout @tdhhc9n mice affects tk brain,cognitive processing,

and underlying cell pathways. Specifically, | will:
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(i) Characterise zDHHC9 expression in a Adiihc9knockout mouse line using

quantitative polymerase chain reaction (QPCR) and immunoblotting.

(i) Examine how knockout afdhhcQaffects behaviour. These tasks will include
learning and memory tests such as paise visual discrimination and
reversal learning, and spatial learning in the Morris water maze. In
addition, other characteristics of patients witADHHC9mutations or
phenotypes seen in other mouse models of ID will be investigated, such
as hypotonia and anxiety.

(iif) Determine if Zdhhc9 knockout mice display the same defect in corpus
callosum as seen in patients witbHHC®nutations.

(iv) Identify molecular changes that occur4nlhh® knockout mice, focsing on
alterations in the cellular profile of palmitoylated proteins. Acyl resin
assisted capture (AGRAC) will be used to purify palmitoylated proteins
from the brains of wildype and knockout mice, followed by
comparative proteont analysis using mass spectrometry and
immunoblotting. Any proteins displaying reduced palmitoylation will be
further investigated as zDHHC9 substrates usingbesid assays and
techniques including click chemistry.

(v) Identify any metabolic changes in M9 knockout mice using
metabolomics that will be undertaken on mouse urine samples

These analyses will determine if this KO mouse line is a good model with which to
dissect the molecular and cellular basis of the neurological impairments in humans
with ZDHHCS9nutations, and will identifynovel changes in the mutant mice that

may underlie observed behavioural and anatomical deficits.
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CHAPTER 2

2 Materials and Methods

All animal procedures were conducted in the Biological Procedures Unit of the
University of Strathclyde in accordance with Home Office procedures (under a
personal, a project and an establishment licence for animal work). Except otherwise

indicated, all chemicals were purchased from Sigitdrich (Poole, UK).

2.1 Zdhhc9%nock-out mice

Zdhhc9knod- out (KO) mice were purchased from Mutant Mouse Regional
Resource Centers (MMRRC, USA). The strategy of KO resulted in the disruption of
the first coding exon of th&dhhc9gene, whereby a genomic region of 207 bp
including most of the first coding exofexon 2) ofZdhhc9was deleted. The
selection cassette that was used for the KO strategy contained both Neomycin (Neo)
and LacZ and is 5,288 bp long, according to the sequence getiotyping protocol
given by Lexicon Genetics Incorporated, who produced the KO line

(http://mmrrc .mousebioloqgy.orfy

2.2 Mouse colony and genotyping

In order to have theZdhhc9 mutation in a C57BL/6 genetic background,
backcrossingvas performed for at least 6 generations. each backcross, mouse
breeding used heterozygous (HET) female mice at leaxgens weeks old and
C57BL/6wild type (WT) male mice that were not from the colony. In some cases, KO
male mice were paired witlC57BL/6WT female mice in order to achieve larger
numbers of HET female mice for use in subsequent backcrosses. In each @&ge, on
male was put with two females during the breeding period, which lasted for two
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weeks, after which male mice were removed from the cages. When the newborns
reached three weeks of age, a small part of ear tissue was collected and sent for
genotyping to Trasnetyx, Inc (Cordova, USA). On the same day, mice were weaned

and ear tagged for identification purposes. On receipt of genotyping results, HET
female and KO male newborns were kept in order to be used in the next breeding

cycle when they reachedthe age¥ &4 SOSy 6SS1ad C2NJ GKS TFAy
females were caged wit@57BL/6WT males in order to give birth to KO and WT

male mice which were used as experimental mice for behavioural testing when they

reached adulthood (80 weeks old).

2.3 Behaviourl tests
2.3.1 SHIRPA

SHIRPAtands forSmithKline Beecharntiarwell,Imperial CollegelRoyal London
Hospital, PhenotypeAssessment and as the name describes, it is a general
phenotypic assessment of genetically modified m(igkasuyaet al., 2005) It is the
first test that was conducted in the mice of this study and allows the identification
of any physical giss abnormalities focusing mostly on nervous system and motor

function.

Each adult animal (8 to 10 weeks old) wastfplaced in a Plexiglas baith
small holes that allow the mouse to breathe. The researcher then scored a list of
behaviours of the ania duing a 5minute period (Table 2.1) inside the box.
Consequently, the animal was hanektrained by the researcher in order to score
some more behavioural characteristics such as pinna and cogfilexes Table2.1)

with paying attention to minimise the stress of the animal during handling.
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Table 2.1 List of behaviours that were scored for each animal. The animal washi& t

arena for a 5 minute period or restrained. Y stands for yes, n stands for no.

Location

Restrained

Measure Sore scale Range of scores
body position 0-5 lying flat to vertical leaping
spontaneous _
o 0-4 none to extreme rajol dart
activity
tremor 0-2 none to marked
urination y/n yes/no
defecation yIn yes/no
bizarre behaviourg yIn yes/no
convulsions y/n yes/no
eyes wide open to eyes
palebral closure 0-2
completely closed
piloerection 0-1 none to fur standing on end
gait 0-3 normal to incapacity
pelvic elevation 0-2 markedly flattened to elevated
tail elevation 0-2 dragging to straub tail
evidence of
grooming y/n yes/no
) Intact (1),
whiskers
malformed/ no
whiskers
pinna reflex 0-2 none to hypeactive (repetitive)
cornea reflex 0-2 none to hyperactive (repetitive
lacrimation y/n yes/no
provoked biting y/n yes/no
trunk curl y/n yes/no

41



visual placing 0-4 none to early vigorous extensia

o no impairment to complete faire
righting reflex 0-3 _
to right

2.3.2 Hanging wire task

The day following the physical gross examination, each animal was first weighed
and then tested in the hanging wire test in order to assess grip strength. The animal
was placed on a cage lid and given a small shake s$attvauld grab the lid and
then the lid was flipped upside down with the animal hanging approximately 25 cm
above a safe surface (benchtop). The time that the animal spent hanging was noted.
Mice were given 3 trials of 2 minutes maximum and the average was used. The

animals were given a 2 minute rest between trials.

2.3.3 Rotarod task

The day following the hanging wire task, the animals were tested on an
accelerating rotarod in order to measure motor coordination and balafiégo
Basile/Stoelting rotarod)The animals were initially placed onto the rotarod, which
was rotating at 3 rpm and accelerated up to 21 rpm within a period of 5 minutes.
The animals were left for a maximum of 8 minutes on the rotarod. The animals
completed 3 trials with a 10 minute rebetween the trials, and the average time

that they spent on the rotarod was used.

2.3.4 Open field test

The animals were tested in the open field test (OFT) in order to evaluate
locomotor activity and anxiety. Each mouse was placed into a 40 cm x 40 cm x 40

cm opentop box for a 15 minute habituation period followed by a 30 minute test
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period. The animals were tracked throughout the whole 45 minute task using
Noldus Ethovision Tracking package (version 8.5). The main measures produced
were locomotor output (dtance travelled) and thygmotaxis (time in outer edge of

the box).
2.3.5 Elevated plus maze

The animals were further tested on the elevated plus maze (EPM) to examine
anxiety levels. The maze consists of two closed and two open arms (each arm is 30
cm long) raied above the floor by 80 cm. Each animal was placed on the centre of
the maze and left to explore it for a single trial of 10 minutes. Noldus Ethovision
Tracking package (version 8.5) was used to track the animals during the task. The
main measures taken ave distance travelled and time spent in open and in closed

arms of the maze.
2.3.6 Startle curve

The startle curve is a measure of startle reactivity (and hearing ability). The
animals were exposed to a range of volumes from 65dB (background level of
volume) to 120dB for 20 minutes and their startle reactivity was measured as
displacement of an accelerometer attached to the restrainer. Emotional and motor
components also play a role in the startle reflex. The instrument used was the SR

Lab apparatus from San Qi@ Instruments.
2.3.7 Prepulse inhibition

Two days after the startle curve task, mice were tested in the-puise
inhibition task. Prepulse inhibition (PPI) measures sensorimotor gating which is
partly controlled through the corticstriatal pathway(Graybiel, 2000) The pre
pulse inhibition also provides an even more sensitive measure of hearing. During
the task which lasts for 20 minutes, animals were exposed to 120dB startle trials
which were preceded with a range of ppellses above the background level of
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65dB. The prgulselevels were 4, 8 and 16dB above the background level of 65dB.
Normally, the preceding stimulus attenuates tbiartle response. It has been

shown that animal models of schizophrenia have dysregulateeoplse inhibition

(Powell et al., 2009)Decreased P& 20 aSNIWSR Ay |1 dzyGAy3G2
(Swerdlowet al., 1995) Moreover, theZdhhc17KO mice have decreased ppalse

inhibition (Singarajeet al, 2011) The instrument used was the SR Lab apparatus

from San Diego Instruments.

2.3.8 Morris water maze

The animals were tested in the Morris water maze in order to assess spatial
learning and reference memory which is dependent on hippocampal NMDA

receptor function(Morris, 1989; Tsien et al., 1996)

Based on external cues on the walls of the room, the animals needed to
orientate themselves in order to find a submerged platform positioned either on

the North (N) or Sath (S) area of a water maze.

For the purposes of the task, a round blackriRslucent Perspex tank 98 cm
diameter stood on an IR lightbox and was filled with tap water and left overnight to
reach room temperature (21°C). Then, a round 10 cm transpapdatform was

submerged 1 cm below the water surface of the maze.

During the first day of the task, a habituation period of 60 seconds took place
where the platform was placed at the centre of the round water maze. Each mouse
was placed on the platform andias given a small boost to start swimming and
explore the maze. If the animal did not return to the platform within the 60 seconds
of the habituation, the researcher placed it on the platform for 5 seconds. The

animal was then removed from the maaad died out under a heat bulb

Following thehabituationperiod and for 5 subsequent days, 4 acquisition trials

of 60 seconds maximum took place each day using pseudorandomly various release
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points that are not close to thplatform (Figure2.1). Theplatform was placed at a
distance of 20 cm from the maze wall towards the centre of the maze for the

acquisition trials.

More precisely, when the platform was placed on the N of the maze, the release
points of East (E), 8theast (SE), South (S), Southwest (SW) and West (W) were
used and not the N, Northwest (NW) and Northeast (NE) release points as they
were very close to the submerged platform and thus it is very easy for the mouse to
find the platform bychane (Figure2.1). If themouse did not locate the platform
within 60 seconds, it was placed on the platform for 5 seconds. The animal was

always given 10 minutes rest between trials in order to avoid hypothermia.

S S

Figure2.1 Map of the Morris water maze, the submerged platform (white circle) and the
various release pointsWith bold letters, the release points that are actually used are
depicted depending on the place of the soérged platform. When the platform was
placed on the north (N) of the water maze, the release points of N, NE and NW were not
used because of their proximity to the platform. Respectively, when the platform was

placed on the south (S) of the water mazes tielease points of S, SW and SE were not used.

Half of the animals were trained to find a N hidden platform and the other

half were trained to find a S hidden platform in order to exclude any possibility of
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preference for a specific location. Floatersof{lncommon in this study) were
excluded from the experiment. The Ethovision tracking software version 8.5 was
used throughout the experiment and the main measures taken were duration to

find the platform (latency), distance moved and mean velocity.
Probe tial

On the & day, a single probe trial of 60 seconds took place where the
platform was removed and the time the animal spent swimming in the quadrant
where the platform wasversusthe opposite quadrant was measured in order to

assess reference memory.
Visual cue test

On the 7 day of the experiment a visual cue test of 60 seconds maximum
duration was conducted to exclude any visual problems, motivation differences or
motor dysfunction. Before the visual cue test, all the external cues were covered as
a white curtain was placed around the water maze hanging from the wall. The
platform was this time positioned 2 cm above the water level and a yellow flag was
placed on it to make it easily visible. The animal was put in the water maze near the

maze wall andhe time the animal spent to reach the platform was noted.

2.3.8.1 Reversal learning version of Morris water maze

For the reverse learning version of the Morris water maze, on thel®y the
platform position was reversed and the animals were tested for anotvexk using
the new platform position. On the 13day, a probe trial took place and on the14

day a visual cue trial was conducted.

2.3.8.2 Working memory version of Morris water maze

Mice were initially tested in the original water mazmotocol and then

beginnng 3 days after the last reference memory session, mice were tested for 3
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consecutive days in the water mawgth a different platform position each day. For
these tests the platform was smaller (7 cm diameter) to increase difficulty. On each
day, mice wee allowed up to 7 trials and given a score which was the number of
trials required to reach a criterion of reaching the platform in 10 seconds or less for
two consecutive trials. If the criterion was not reached by the 7th trial, a score of 8
was given ifit would be possible to reach criterion on the next trial, otherwise a
score of 9 was given. Their score indicated the number of trials they needed in

order to reach the criterion.

2.3.9 Threechamber apparatus for sociability and social novelty

In order to asess sociability and social novelty the Ugo Basile/Stoelting 3
chamber apparatus was used. The apparatus is a clear Perspex box separated into 3
chambers (each chamber 40 cm x 20 cm). The partitions have openings (10 cm x 6
cm) that allowed the mouse to mevfreely from chamber to chamber. Two
cylindrical wire cages (16 cm in height; 9 cm diameter) were used to contain the

stranger mice and were placed in the side chambers.

Each animal was placed in the middle chamber and left to explore the whole
apparatusfor a 5minute habituation period. Then a novel C57BL/6 adult male
mouse was used as stranger mouse and placed in one of the cages. The
experimental animal was then left to explore the apparatus for arifute period
which assesses sociability based oe thme the experimental animal spent in the
chamber where the novel mouse was versus the empty chamber. Then another
novel mouse was introduced in the other cage and the experimental animal was left
for 10 additional minutes to explore the apparatus in @rdo assess social novelty
based on the time the experimental animal spent in the chamber where the new
mouse was puversusthe chamber with the first stranger mouse. Noldus Ethovision
tracking package (version 8.5) was used to track the animals durengask. The
main measures taken were distance travelled and time spent in the chamber where

the first or second stranger mouse was placed.
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2.3.10 Sucrose preference task

During the sucrose preference task, the preference of mice for a 1% wi/v sucrose
solution versus water was studied. 2éour water/sucrose consumption was
measured for a period of 5 days in order to determine if the mice experienced
anhedonia which is the core symptom of depression based on their preference for
sucroseversuswater and in the evenof anhedonia their preference for sucrose is
low. For this study, the animals were housed in separate cages and weighed every

day.
2.3.11 Pairwise discrimination task

The Pairwise discrimination task was conducted using the touchscreen testing
method 89540 Parwise Discrimination Task for Mouse by Campden Instruments
Ltd. This is a computexutomated behavioural testing method that allows
computer graphic visual stimuli to be presented to rodents and the rodents to
respond to the stimulus on the computer scre@ia a nosgoke (Busseyet al.,
2008)

The pairwise discrimination task and the reversal learning mode of it were used
to identify memory or cognitive flexibility deficits. During the pairwise
discrimination touchscreen task, the mice must learn that of two visual stirowily
one is associated with a reward (strawberry flavoured milk). When the mice learned

which stimulus was associated with a reward, the contingencies were reversed.

Before conducting the task, mice were habituated to being picked up and
handled for 5 nm per day for 5 days. Mice were also febtricted to 8590% of
their free feeding weight according to a normal growth curve to provide an
incentive to work in the task. Food restriction started 5 days before the initial

training period.
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The mice thenunderwent a training period for 10 days, which involved
habituation in the touch screen apparatus (day 1) and initial touch training (day 2)
where mice learned that only by nose poking the touchscreen (without any specific
stimulus displayed), they couldcega reward. Then, on day 3 and day 4 the mice
gained a reward only after touching the screen when a stimulus was presented
OWYdzaA G G 2dzOK GNIAYAYy3AQOU® CAYylLffeés RdzNAy3
day 10) the light of the apparatus was tuthen after touching the blank screen
instead of the stimulus presented and no reward was given in this case and the

animals received a time out period in illuminated apparatus.

The visual discrimination task was then performed for a period of 15 days,
followed by the same period of testing after reversal of the contingencies. Each day
of testing involved the completion of 30 trials in less than 60 minutes. A trial starts
with the presentation of two novel objects on the screen; one was set as being
correct and the other one as incorrect. The mouse must nose poke the correct
object in order to get the liquid reward. When it exits the food tray, the next trial
starts. If the mouse pokes the incorrect object, no reward is given and the light of
the apparatus @irns on for 5 seconds before a correction trial starts. The correction
trial consists of presentation of the same objects at the same position. Correction

trials continue until the correct object is chosen.

2.3.12 Same paired associated learning (SPAL)

The samepaired associate learning (sPAL) is a variant of the pairwise
discrimination task. In the sPAL task, mice learn and remember which of three
objects goes in which of three spatial locations. On a given trial, two identical
objects are presented; one in it®rrect location; the other in an incorrect location.

The rodent must choose which stimulus is in the correct location.

The first five days of testing in the touch screen boxes involved initial training,

after which the mice started training in the fulldia
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sPAL

Exit food
magazine
to start
trial

Incorrect » | Stimulus presentation
of 5+ and 5- images

Mt Trial
correction

Correct

Reward _
delivery | Re-select 5+
position for «

next trial

Figure2.2 lllustration of the sPAL taskdetails in the text).

A trial begins with the presentation of two novel stimuli on the screen; one
is programmed as being correct (S+) ane @s being incoect (S) (Figure2.2).
Whether the S+ is on the right or left is determined pseudorandomly. The mouse
must nosepoke the correct stimulus to elicit a food delivery response. If the mouse
nosepokes the incorrect gnulus, no reward is delivered and a time out period
follows before the mouse is given the opportunity to complete a correction trial.
Correction trials ensue until the correct stimulus is chosen. A correction trial
consists of representation of the stimlus array in the same LeRight

configuration.

PAL assesses visual memory and new learning, and is an essential tool for
accurately assessing individuals with possible dementia, mild cognitive impairment,

Alzheimer's disease, and agaated memory loss.
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2.3.13 Five Choice Serial Reaction Time Test

The Five Choice Serial Reaction Time Test (5CSRTT) is designed to allow mice to
associate light with a reward after nopeking the location where the light appears.

The test measures visuospatial attention and matopulsivity.

¢KA&a Glal o6la O2yRdzOGSR o6& | al aidSNDa
this task, 9hole operant boxes (Cambridge Cognition) were used after blocking four
of the holes, giving five sites where a ngseke can be registered by a mouse
(holes 1,3, 5, 7, 9). Lights that can illuminate above each hole signify the hole that
the mouse is expected to nogmke to receive the reward. On the reverse side of
the box, an opening with a reward tray can pump a liquid reward into a small trough
with a light to illuminate the area of the reward in the event of a correct response.
The liquid reward used was a strawberry milkshake (Yazoo). The testing boxes were
connected to a camera to allow visualisation of the animals during the task as well
as a compter running a specialised software designed for use with the boxes (CCL

control data handling software from CeNeS Cognition).

To motivate the mice to work for a reward, animals were food restricted to 90%
of their free feeding weight (as ascertained bgrawth curve for the control and
background strain of theC5BL6). Access to free feeding was removed a week
before the habituation period to ensure that the animals would be motivated to
receive the liquid reward and during that week the animals wererefl small
amounts of the milkshake to ensure that they were familiarized to consume it. The
animals were weighed on a daily basis, after the trial and at around the same time

each day.

During habituation and test period, each animal was tested for 30 uniass
completing 100 trials in less time. During habituation in the box which lasted for a
week, there was an illumination period of 32 sec and then the mouse would get a

reward only after nosgoking the correct hole.
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The habituation week was followebly the test period: the illumination was
reduced to 16 sec and once the majority of the group reached more than 80 trials,
the group was moved to the next level with further decreased illumination time (8,
4, 2 and 1 sec) over a 12 week period. The finaekvof testing included

illumination for 0.8 sec.

After the final week of testing, two variations were run for an additional week.
The first variation included randomisation of intieral intervals on a per trial basis
between four different settings (4,%, 7.5 and 9 sec). In the second variation the
illumination period was similarly randomised among four periods shorter than 0.8

sec.
2.4 Mouse transcardial perfusioffior ex vivo MRI

In order to performex vivoMRI scan of mouse brain, transcardial perfusias
performed. Initially, the animal was weighed and then put under deegesthesia
by injecting intraperitoneally a mixture of lidocaine and pentobarbital in a 1:1 ratio
(v/v) depending on the body weight. The dose of the mixture used was 0.008 ml/g
of body weight. Then, the thoracic cavity was opened with scissors. The right atrium
of the heart was cut and then the left ventricle was slowly and steadily injected with
20 ml of PBS to flush out the blood. An indication of the blood being flushed out
was the colour change of the liver from dark red to light red. Then, 20 ml of 4% PFA

in PBS (v/v) was steadily injected into the left ventricle.

Afterwards, the head was isolated from the rest of the body for brain extraction.
For imaging the brain at high restibn, the brain was removed from the skull. This
allows the brain to be perfused with gadolinium contrast agent evenly and to have a
smaller field of view when the MRI is acquired, so the resolution is increased in a
shorter time with better SNR (Signal noise ratio). The midline of the skull was cut
up, from the foramen magnum toward the frontal bone along the sagittal suture.

Each side of the skull was then carefully peeled off, taking care that the meninges
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did not pull parts of the cerebral hemispteer off with them. The brain was
subsequently scooped out and kept in 4% PFA in PBS along with the medulla and
olfactory bulbs at 2C.

2.5 Fast low angle shot magnetic resonance imaging (FLASH MRI) and analysis

Brains were stored at°C for 7 days in order tthen perform T1 weighted
imaging and was sent to the University of Liverpool where the MRI scanning was
performed in the laboratory of Professddarish Poptani. The brain was initially
incubated in 1.5% MultiHance contrast agent by Bracco Diagnosticsimiogt®.0
mM of Gadobenate Dimeglumine in 4% Paraformaldehyde in PBEdbrd4 days
prior to imaging. Gadolinium is the main chemical agent contained in Multihance

that reduces the T1 relaxation tim{@®aymond and Pierre, 2005)

For imaging, the brain was placed into a pool of fluorinated oil within a holder
before being put into the magnet. Adjustirige brain in the right position within
the magnet took place before scanning. A 28mm resonator coil was used and all
images were acquired at RT. The acquisition time was 2 hours and 3 minutes in a 9.4
Tesla preclinical horizontal bore Bruker magnetandN&S &4 2t dziA 2y 2F nwm °

were preliminarily reconstructed using Paravision 6.0.1.

For analysis, manual morphometry was used. Manual image segmentation and
structural volumetric analysis wer®@ I NNA SR 2dzi Ay .Théihblenxc ®nm
brain, corpus allosum and hippocampus were segmented using a humber of-semi
automatic segmentation tools within the software. A surface generate module was
attached to each of the segmentation labels and a surface view module was then
used to obtain a 3D reconstructioMaterial statistics were used to evaluate the

number of voxels contributing to each of the segmented structures.
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2.6 Mouse brain isolation and storagtr non-MRI experiments

Adult male mice (80 weeks old) were humanely killed by cervical dislocation.
Brains were isolated and kept for protein analysis, DNA and RNA extraction. For
protein assays, immediately after dissection, the brain was put in cold falcon tubes

and stored at80 °C For DNA extraction, part of tissue stored-&0)°C was used.

For RNAextraction, the frontal cortexand the hippocampusvere dissected and
kept separatelyfrom the rest of the branC2 NJ wb! & (| o ARNA Lateii A 2 y
solution Qiagen, East Sussex UK) was added per 1 mg of tissue. Firstly, the tissue
was cut into slices less than 0.5 cm thick and put into RNA Later solution, followed
by overnight incubation at 4°C. Brain tisswas then removed from the solution

and kept at-80°C for longerm storage.

2.7 Molecular Biology
2.7.1 DNA extraction from mouse brain tissue

DNA extraction from mouse brain tissue was conducted using the Isolate
Genomic DNA Mini kit (Bioline, London UK) accordinghe instructions of the
supplier. For all centrifugations, the Eppendorf centrifuge 5415 R (Fisher Scientific)

was used.

Briefly, up to 40 mg brain tissue was cut into small pieces and placed in a 1.5 ml
polypropylene tube. 40@| lysis buffer and 25| proteinase K were added to the
sample and mixed by vortexing. The sample was incubated &C %@th
intermittent vortexing until lysis was optimal. The sample was then centrifuged at
10,000 x g for 2 min, followed by transfer bktsupernatant to a 1.5 ml tube. 260
binding buffer was then added followed by vortexing for 15 sec. The sample was
transferred to a spin column that was placed in a collection tube and centrifuged at

10,000 xg for 1 min. The spin column was then pldce a new collection tube.
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700>l wash buffer was then added to the column and centrifuge@g000 x g for 1

min. The flowthrough was then discarded. This washing step with centrifugation
was repeated and the sample was then centrifuged again at 140§@or 2 min.

The collection tube was then discarded and the spin column was placed in a new 1.5
ml elution tube. 200>| elution buffer was added directly to the spin column
membrane which was then incubated for 1 min at room temperature (RT). A final
spin of 6,000 x g for 1 min was sufficient to elute the DNA which was kepCatot
shortterm storage or at-20°C for long term storagefter determining its

concentration.

2.7.2 RNA isolation from mouse brain tissue

For RNA isolation, all pipettes and surfaeeere cleaned with RNase Zap. Sterile,
RNaseree pipette tips and Eppendorf 1.5 ml tubes were also used. HNeasy
Lipid Tissue Mini Kit (Qiagen, East Sussex UK) was used for RNA extraction according
to the instructions of the supplierFor centrifugatons at RT, the Eppendorf
centrifuge 5415 R (Fisher Scientific, Loughborough UK) was used wHflE,ahe

Heraeus multifuge 3-B (DJB Labcare, Milton Keynes UK) was used.

A maximum of 500 mg mouse brain tissue was processed in the first steps of the
procedure. The brain tissue was removed from storage and its weight was
determined. Disruption and homogenization of the tissue was conducted using a
Polytron homogenizer (T25 basic, IKA Labortechnik): the tissue was placed in a
suitably sized vessel (accordito the instructions of the homogenizer) containing 5
ml QIAzol Lysis Reagent (Qiagen, East Sussex UK) and the homogenizer was
operated at full speed until the lysate was uniformly homogeneoug@83s). The
tube containing the homogenate was then placatd RT for 5 min.This step

promotes dissociation of nucleoprotein complexes.
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1 ml chloroformwas then added, and the tube was shakegorously for 15 s
for subsequent phase separation aridcubated at RT for @3 min. Then a
centrifugation at 5,00« gfor 15 min at 4°C took place anlde sample separated
into 3 phases: an upper, colourlesagqueous phase containing RNA; a white
interphase; and a lower, red, organic phaskhe upper, agueous phase was
transferred to a fresh tube. Only 609 of this phasevas used and the rest of the
sample was kept at80°C. Then, one volume of 70% ethanol was added to the
dzLILISNJ LKl &S YR GKS (dzoS 6+ a YAESR (K2NP
sample was transferred to an RNeasy Mini spin column placed in a 2ledtionm
tube (supplied by the kit), and centrifuged for 15 s at 9,000 x g at RT. The flow
through was discarded, and the remainder of the sample was transferred to the
RNeasy Mini spin column and the same centrifugation step was repeated. The flow

through was discarded again.

The following steps includedn-column DNase digestion with the RNdsee
DNase Set (Qiagen, East Sussex UK). Fargilly; >f . dzZFFSNJ w2 m ¢ a dzLJl
to the RNeasy spin column which was then centrifuged for 15 s at 9,000 x g to wash
the membrane. The flovi KNP dz3K 6+ a RA&OFI NRSR® mp >f
I RRSR G wmnp >f 2F . dzf T Sghthe wubes ahdaddddE SR 6 &
directly to the RNeasy spoolumn membrane. The spin column was then placed on
the benchtop for 30 minFollowing thisop n > f . dzZFFSN) w2wm g1l a
RNeasy spin column, which was then centrifuged for 15 s at 9,000 x g, anovihe f
through discardedp nn >t . dZFFSNJ wt 9 41 & | RRSR (2
then centrifuged for 15 s at 9,000 x g to wash the membrane. Thetfoough was
RA&OFNRSR FYR pnann >t . dzZFFSNI wt9 gl a || 3 A
centrifuged for2 min at 9,000 x g to ensutbkat no ethanol was carried over during
RNA elution.

The RNeasy spin column was placed in a new 2 ml collection tube (supplied with

the kit) and the old collection tube with the flothrough was discarded. A
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centrifugation sep was conducted at full speed for 1 nimeliminate any possible
carryover of Buffer RPE or residual fldwough. The RNeasy spin column was

LX I OSR AY | ySg wmodp Y -fe@Hdv@e@ finally sdded dzo S
directly to the spin column membrane. Then the sample was incubated for 1 min at
RT and a centrifugation for 1 min at 9,000 x g eluted the RNAhwwvas

subsequently stored aB0°C after determining its concentration.

2.7.3 Spectrophotometric quantification of DNA and RNA

The concentration of isolated DNA and RNA as well as their purity were
measured using the Nanodrop 2000c spectrophotometer (Therro@n§fic,

Loughborough UK) at 260nm. 2 uL of each sample was sufficient for analysis.

2.7.4 Endpoint polymerase chain reaction (PCR)

Endpoint polymerase chain reaction (PCR) was used to amplify sp£dtilcc9
DNA and cDNA sequences. The PCR reaction asiympared at RT and contained
half the final volume of 2x GoTagq Hot Start Green Master Mix (Promega,
Southampton UK), 0.5M of each primer (Forward and Reversekl bf cDNA and
H.O to a final volume of 28I.

For cloningZdhhc9 KQranscript cDNA, KD Hot Start DNA polymerase was
used (Novagen, Livingston UK). The PCR reaction mix was prepared at RT and
contained 1/10 of the final volume of 10x Buffer for KOD Hot Start DNA Polymerase,
0.02 UAI of KOD Hot Start DNA Polymerase, 8\8 of each primer @rward and
reverse), dNTPs (0r8M each), 2.5mM of MgSQ, 2>l of DMSOS0 ng of plasmid
DNA template and #D up to a final volume of 58.

The sequences for all the primers used in this study are shown in the following

table.
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Table225b! &SljdzSyO0Sa
orientation).
Primer name

Primers for genotyping
DNA1965
DNA1966

Neo3a

FT2NJ | f ¢ i KS

Primer Sequence (8"

GAAAGAAGGTGACACGGAAATG
CAAATGCCCAGGAGGTACTGT

GCAGCR@OCGCCTTCTATC

Primers forend-point PCRand gPCR

MAL1 F

MA1 R

MA2 F

MA2 R

Z9v1 F

Z9v1 R

Z9v2 F

Z9v2 R

PPIAF

PPIA R

HPRT1 F

HPRT1 R

TBPF

AAAGCCCATCTTGGACCAGGAAC

TCAACAGCGTGGCCATGGAG

GTGATGGCCGCGTCATGATG

AAGAGCATAGCGGCAAACACAGC

ATCGTCTATGTGGCCCTCAAATCI

GGAATGTGTGAAATCCAGTCAGC

ATCGTCTATGT@E&ICAAATCC

AGACGGCTTCACACGGACGAAC

TATCTGCACTGCCAAGACTGAAT!

CTTCTTGCTGGTCTTGCCATTCC

CTCATGGACTGATTATGGACAGG

GCAGGTCAGCAAAGAACTTATAG

CCGTGAATCTTGGCTGTAAACTT(

LINA Y S NA
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TBP R

MAO F

MAO (B) F

3UTR R

3UTR (B) R
Primers for sequencing
3UTRRs
3UTR(B)R's
MAO F s

Primers for cloning
BAM ZD9 F

BAM ZD9 R

GTTGTCCGTGGCTCTCTTATTCT(

TCAGGGAAGTCGCTACCACC

CCGAGTTCAGTGTCCCTTGTTCA

TGGCATCTTCTGCCACTGTCTTA/

AAAGTTTGCAGCAAGAAGATGCC

CATCTTCTGCCACTGTCT

GCAAGAAGATGCCGGTAA

GAAGTCGCTACCACCTCT

GATCGGATCCATGCTCTTTCTTTT

GATCGGATCCCTACTTCTCAGCT

The Veriti 96 well thermal cycler (Applied Biosystems, Loughborough UK)

was used for the PCR reaction which consisted of an initial polymerase activation
step of 2 min at 95, followed by 30 cycles of a denaturation step of 30 sec &£95

an annealing step for 30 sec at-58'C depending on the primers used each time,
and an extension step at 7@ for 30 se& min depending on the length of the

expected product. A final extsion step for 5 min at 7Z was also included.

For cloning, an initial polymerase activation step of 2 min dC9%as used,

followed by 30 cycles of a denaturation step of 20 sec 4€9&n annealing step for

10 sec at 6% and an extension step at &For 1 min.
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PCR products were stored alGlbefore agarose gel electrophoresis was used to

determine their quality.

2.7.5 Agarose gel electrophoresis

Separation and analysis oDNA fragments was perfomed by agarose gel
electrophoresis. In this methodin electric fieldis applied to move the negatively
charged DNA through a matrix afgarose Shorter molecules move faster than
longer ones because they migrate more easily through the pores of the gel. The
electrophoresis tank was purchased from Thermo Fisher Scientdiagfiborough
UK) A concentration of ¢ner 1 or 2 % (w/v) agarose (Biad, Herts UK) was used
to make gels, supplemented with Sybr Safe® (Life Technologies) at a 1:10,000
dilution. The gel was submerged in TAE buffer (0.04 M Tris, 1 mM EDTA, acetic acid
to pH 8) and 10>l of DNA sample wereoadded onto the gel in 2.5| of sample
loading buffer supplied with the marker of molecular weighte HyperLadder 1 kb
and the HyperLadder 100 bp (Bioline, London UK) were used as markers of DNA
size. After electrophoresis at 80 V, the gel with the DNaédnples was observed

under ultraviolet light.

2.7.6 Reverse transcription PCR

Reverse transcription of RNA was conducted using the Tetro cDNA synthesis kit
(Bioline, London UK). Firstly, all pipettes and surfaces were cleaned with RNase Zap
(Sigma Aldrich).t&ile, RNasdree pipette tips and Eppendorf tubes were also used.
The reaction was prepared on ice and contained 1/20 the final volume of oligo
(dT)s primers (supplied with kit}dNTP mix (final concentration of 0.5 mM), Reverse
transcription buffer (spplied with kit), RNase inhibitor (final concentration of 0.5
U/>l), Tetro Reverse Transcriptase (final concentration of 2fl)|JUip to 5>g RNA

and DEP@eated HO to a final volume of 26l. The samples were then incubated
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at 45'C for 30 min in aVeriti 96 well thermal cycler (Applied Biosystems
Loughborough UKthe reaction was terminated by heating at ®5for 5 min and

the samples were then put on ice. THBNAwas stored at20'Cuntil further use.

2.7.7 Quantitative PCR (QPCR)

Quantitative (formerly eal time) PCR (qPCR) was performed in AB Applied
Biosystems Step One Plus Real Time PCR System, using the SYBRR Select Master Mix
(Life Technologies, Paisley UK). The main component of the Master Mix is the SYBRR
DNESy9wnu R&S ¢KAOK REndiQaldouble strandedIMRAR dzO G &
formed during PCR. Other components of the Master Mix are AmpliTagR DNA
Polymerase Ultra Pure (UP) with a hot start mechanism, téddie UraciDNA
Df e02aeftrasS ¢6!5D0X wh-u Re&S tlFaairgs wSs:
dUTP/dTTP.

Before preparing the reaction, all pipettes and surfaces were cleaned with
RNase Zap (Sigma Aldrich). Sterile, Rifagepipette tips and Eppendorf tubes
(fast reaction tubes with cap by AB Applied Biosystems) were also U$ed.
reaction was prpared at RT and contained half the final volume oB¥BRR Select
Master Mix 1>l cDNA,0.1 >M of each primer (forward and reverse) and DEPC

treated HO to a final volume of 28lI.

The PCR reaction consisted of an initial polymerase activation step of 2 min at
95'C, followed by 40 cycles of a denaturing stage of 15 sec'@ &5d a annealing
and extension step at 6@ for 1 min. A melting curve analysis was included

consisting of 95 for 15 sec, 6€ for 1 min and 9% for15 sec.

2.7.8 Plasmids

Mouse HA taggedZdhhc9 construct in pEHBFOS vector was provided by
ProfessoMasaki FukatéFukataet al., 2004)
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2.7.9 Sequencing

Samples and primers were sent to the GATC Company (Konstanz, Germany),
who undertook sequencing using an ABI automated Sanger sequencerelpri
sequencesshown inTable2.2). The results were analysed either with Geneious
8.0.4 program or withEMBOSS Watefor Pairwise Sequence Alignment (free

available online).

2.7.10 Cloning ofZdhhc9 K@&DNAInto the pEFBOSHA plasmid

After amplification of the mutant cDNA using primehat contain BamH1 sites
(Table 2.2), agarose gel electrophoresis was conducted in order to assess the
' YL AFASR LINPRdAzOG® ¢KSYy (GKS LY@AIGNRISYx
(Thermo Fisher Scientific) wasedsto isolate the amplified DNA following the

instructions of the supplier.

The pEBOSHA plasmid vector that contains a BamH1 site and encodes a triple
HAtag at the Nterminus (total vector size 5.4 kb) was digested by BamH1 enzyme.
Specifically, 22| of FastDigesBamH1 was usedlong with 2| of 10x FastDigest
Green Buffer, 28l of Fast AP (alkaline phosphatase; all threenponents from
Thermo ScientificLoughborough UK 1 >g plasmid DNA and-B up to a final
volume of 20>l. The reaction mix waisicubated in water battor 50 min at 37C.
Then, denaturation of the phosphatase at 65 T2 NJ mp Mbrgertd 2 f 2 & ¢
assess the digestiore>l of digestedpEFBOSHA was used for 1% agarose gel
electrophoresis. The amplified mutant DNA was alsested as described for the

plasmid. Using again the same gel extraction kit as above, the insert was isolated.

Then ligation reaction took place at RT usingl #f T4 DNA ligase (Promega),
half the final volume of 2X Rapid Ligation Buffer (Promega), df the digested
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vector, 2>| of the insert (PCR product) and®up to a final volume of 22 The

reaction mix was left at RT for 1.5 h.

For transformation, half of the ligation mix was added to One Shot® TOP10
Chemically Competeri. Colcells (Life &chnologies) and incubated on ice for-15
on YAYy® ! FAGSNBINRAE OStta 6SNB (NFyaFSNN
then returned to ice for 2 min. 258! of autoclaved Lysogeny Broth (1B g/l NaCl,
10 g/l tryptone, 5 g/l yeast extract medium waslded on cells under sterile
O2yRAGA2Yya OYSIN FflIYSO0Od /Sftfta 6SNB GKSy
shaking before being plated on LB adgab g/l agar in LBplates containing
ampicillin (100 pg/ml) as selective antibiotic under sterile cond#iand placed for
2OSNYAIKG AyOdzolGAzy G ot e/ o

Smaliscale plasmid purifications (Minipreps) were prepared from the plates
that had bacterial growth. Each bacterial colony was placed in 5ml LB medium that
contained ampicillin (100 pg/ml) and incubatedernight with shaking at 200 rpm
Fd o1 e/ ¢KS F2ft26Ay3a RI&x Odz GdzNBa 6S
g a O2yRdzOGSR dzaAy3a GKS tdzZNB[Ayln vdz O]

following the instructions of the supplier.

After isdating the plasmid DNA, digestion with BamH1 was conducted in order
to assess if the cloning was successful based on the observation of the insert after
agarose gel electrophoresis (insert size~ 1,000bp). Then samples that had the insert

were sent for segencing to confirm that the insert had the correct orientation.

After receipt of the sequencing results, some of the Miniprep colony was put in
100ml LB medium with 10@/ml ampicillin and incubated with rocking overnight at
oT 6/ Ay 2 NRSNdalé @asntidNaBrifidat®n grepafatioNVRliprep).
Then the Plasmid DNA purification NucleoBond Xtra Midi kit (Mach¥agel,

Duren Germany) was used in order to raxt the DNA plasmid following the
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instructions of the supplier. The isolated DNA plasmid was then used for

transfection of HEK293T cells after determining its concentration.

The remaining Miniprep colony was kept to create a glycerol stock under sterile

conditions (50% gberol v/v) which was snafpozen and then storeday n ¢/ ®

2.7.11 Plating HEK293T cells

For cell culture, 0.05 % TrypdiDTA and heat inactivated foetal bovine serum
(FBS) were purchased from Life Technologies. 75flasks and BioCoat Pely
Lysine 24well plates were obtained from Corning Incorporated. Cellcoat®-Boly

Lysine éwell plates were purchased from Greiner £loe.

Human Embryonic Kidney 293 cells that express a mutant of the SV40 large T
antigen (HEK293T) were purchased from ATCC. Cells wesa gmoDulbecco's
Modified Eagle Medium (DMEM, Life Technologies) with 10% FBS and maintained at
a humidified atmosphere of 3/ 5% C® Cells growing in a 75 érflask were
plated after briefly being washed in 3 ml of Trypsin (peated at 37C) and then
incubated for 3 min at 37 in 3 ml Trypsin. Cells were detached from the flask by
gentle agitation and pipetting and plated at a dilution of 1:10 fendll plates and
1:6 for 24well plates.

2.7.12 Transfection of HEK293T cells

Cells were transfected 24 housdter being plated. Lipofectamine2000 reagent
OLYGAUNRIASYD gl a dzaSR F2NJ Lt OGNl yafFSOGaA
LX I AaYAR 6+ & | RRS RreeDMEMim a stefile 25Fml ki NerY
AYYdzy2 Ft d2NBaOSyOSs H pdngle2tiansfedioh. sTheh, R & | &

~ A

[ ALRTFSOGFYAYS wnnn & &aF NERRSRa Ray (1120 pln »* €
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ratio. The mixes were then incubated for 5 min at RT, and subsequently combined
and incubated at RT for 20 min. The final mix was then added to céiish were

returned to the incubatorCells were analysed 2¥urs posttransfection.

2.8 Biochemistry
2.8.1 HEK293T cell lysates

24 hours after transfection, HEK293T cells were briefly washed twice with ice
cold phosphatebuffered saline (PBS, 136.89 mM NaCl, 2188 KCI, 10.14 mM
NeeHPQ, 1.76 mM KEPQ, pH 7.4) and then lysed in 180of Laemmli sample
buffer [50 mM Tris (pH 6.8), 0.1 % (w/v) bromophenol blue, 10 % (v/v) glycerol, 2 %
(w/v) sodium dodecyl sulphate S), 25 mM dithiothreitol (DT[T)Samples were
then incubated at 95Cfor 5 min and analysed by SIPAGE.

2.8.2 Determination of protein concentration

¢2 RSUSNNWYAYS G20l f LINPGSAY O2yOSYGNI G
t ASNOSu« . /! t NEGSAY 1 aal & { A Gecompdtile dza SR
formulation based on bicinchoninic acid (BCA) for the colorimetric detection and

quantitation of total protein.

Firstly, protein standards of various known concentrations were prepared from
02QOAYS aSNHzYy FfodzYAy o.{!0 F2ff26Ay3a (KS
contents of a BSA ampule provided by the kit were diluted ieteesal Eppendorfs,
using the same diluent as the sample of interest (PBS). The sample of interest was
also diluted in ratios of 1:10 and 1:20 to ensure that its absorbance would fall within

the range of the BSA standards.

50 parts of BCA Reagent A were edixvith 1 part of BCA Reagent B (ratio 50:1).

Then 0.05mL of each standard and unknown sample was transferred into test tubes
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and 1mL of the BCA reagent was added to each tube and mixed by vortexing. The
tubes were covered and incubated at 37°C for 30 naaun a water bath and then

put on the benchtop to reach RT. The absorbance of each sample at 562 nm was
measured using a Pharmacia Biotech Ultrospec 2000 UV/Visible spectrophotometer.
A standard curve was prepared by plotting the absorbance of each tBSdasd
versus its known concentration in pg/mL. This standard curve was used to

determine the protein concentration of the unknown samples.

2.8.3 Polyacrylamide gel electrophoresis and Western blot equipment

Gel plates, combs, casting stand and frame, ele¢toopsis chambers, transfer

tanks, power supplies and nitrocellulose membranes were purchased froiRdlo

2.8.4 Sodium dodecyl sulphate (SDS)olyacrylamide gel electrophoresis (PAGE)

SDSPAGE is a widely used technique for the separation of proteins angali
their molecular weight. SDS is an anionic detergent that bindscovalently to
proteins, causing their denaturation and imparting a negative charge. Thus, when
an electric field is applied, proteins migrate towards the anode through a
polyacrylamie gel

The gel was made by pouring two polyacrylamide solutions (one for the
resolving gel and one for the stacking gel) between a glass cassette assembled in a
casting stand and frame. Firstly, the solution for the resolving gel which is
responsible for ptein separation was made containing a 12% polyacrylamide
concentration by mixing 5 ml of 2x resolving buffer (0.2% (w/v) SDS, 4 mM EDTA,
750 mM Tris, pH 8.9), 4 ml 30% acrylamide#xssylamide (Sigma), 0.8 ml distilled
HO (dih 0 = y > ttetrdmethykethah&1h2diamine (TEMED, from Sigma),
YR wnn >t 2F wmxk> YY2YyAdzY LISNEdAzZ FFGS
acrylamide and biscrylamide and APS acts as a catalyst. The stacking gel had a

polyacrylamide concentration of.5% and was used to improve the resolution of
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the electrophoresis. It was prepared by mixing 3 ml of 2x stacking buffer (0.2 % (w/v)
SDS, 4 mM EDTA. 250 mM Tris, pH 6.8), 0.9 ml 30 % acrylamatejtesnide, 1.95
mldth = 1T dp >t ¢ 9a95S. AgoRb putgrnvthe gel cremtes wells fort
sample loading and is removed when the gel is polymerized.

The protein samples were preparedliaemmlisample buffer and denatured at
95'C for 5 min. Afterwards, samples were loaded into the gel wells in afiifetk
with running buffer [25 mM Tris, 192 mM Glycine (Fisher Sciensifid)0.1 % SDS
(w/v)]. Prestained Protein Marker from New England Biolab$7% KDa) or ERun
markersfrom Fisher (Loughborough UKize range 2018 KDa) was also loaded
into the gel as marker of molecular weighEor sample migration through the

stacking gel, 90 V were applied while through the resolving gel, 150 V were applied.

2.8.5 Antibodies

The following primary and secondary antibodies were used for Western blotting

andimmunofluorescenceTable2.3).

Table 2.3 Primary and secondary antibodies used in this study for Western blotting or

immunofluorescence.

Primary antibodies Dilution | Technique

mouse Syntaxin (HPL; Sigma) 1:1,000 | Western blotting

rabbitCsgr 6 mnn >3 wm Y3k YL Z| 15000 | Western blotting

mouse Snap25 (SMI 81, Covance) 1:5,000 | Western blotting
rabbit HRas (€20 S&20, Santa Cruz) 1:300 Western blotting
mouse NRas (IgG1 F155-3C, Santa Cruz) 1:500 Western botting

Y2dzalSOhAY o016 yHHCI wmnan|l1:3000 |Western blotting

rat HA (High Affinity, Roche Diagnostics) 1:1,000 | Western blotting
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rabbit GAPDH (14C10, Cell Signaling Technology) | 1:1,000 | Western blotting
mouse VAMP1/2 (MAB 333h€&micon International) | 1:1,000 | Western blotting
mouse VAMP2 (Synaptic Systems) 1:5,000 | Western blotting
rabbit VAMP3 (Synaptic Systems) 1:1,000 | Western blotting
mouse Synaptotagmin 1 (105011, Synaptic Systent 1:1,000 | Western blotting
mouse Vglutl (Neromab) 1:2,000 | Western blotting
rabbit Vglut2 (ab84103, Abcam) 1:250 Western blotting
rabbit Flotillin 2 (Cell Signaling Technology) 1:1,000 | Western blotting
mouse GluR1 (N355/1, Neuromab) 1:1,000 | Western blotting
rabbit phospheGIluR1 (S845, Abcam) 1:1,000 | Western blotting
mouse GluR2 (21/32, Neuromab) 1:500 Western blotting
rabbit PSD95 (Cell Signaling Technology) 1:1,000 | Western blotting
mouse NR2b (N59/20, Neuromab) 1:500 Western blotting

rat CCR5 (MAB 6138, R&D Systems) 1:500 Western blottng
rabbit Pdel0a (GTX118886, Genetex) 1:3,000 | Western blotting
mouse Synaptophysin (MAB 368, Millipore) 1:20,000 | Western blotting
mouse Calnexin (C45520 BD 610524, Transdu

Laboratories) 1:1,000 | Western blotting
mouse HA (16B12, Covance) 1:50 Immunofluorescence
rabbit GM130 (ab52649, Abcam) 1:50 Immunofluorescence
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Secondary antibodies Dilution | Technique

donkey antimouse, antirabbit or antirat IRDye
680RD (LCOR) 1:10,000 | Western blotting

donkey antimouse, antirabbit or antirat IRDye
800CW (LCOR) 1:10,000 | Western blotting

anti-mouse 1gG, Peroxidase and amti IgG,
Peroxidase (GE, Healthcare) linked to horsera

peroxidase (HRP) enzyme 1:2,000 | Western blotting

donkey antimouse AlexaFluor 488 IgG (H

Invitrogen) 1:400 Immunofluorescence

donkey antirabbit AlexaFluor 647 IgG (H+L, L

Technologies) 1:400 Immunofluorescence

2.8.6 Western blotting

After SDSPAGE, proteins from the gel were transferred onto a nitrocellulose
YSYONI YS o0ndn pRady Yor sulsdqitet sibody2detection. The
membrane and 2 sheets of Whatman paper were soaked in transfer buffer (48 mM
Tris, 39 mM Glycine, 1.3 mM SDS, 20 % methanol) and then the membrane was
placed on the gel in a cassette between the two sheets of Whatman paper. The
cassete was firmly closed and put into a BRad TrandBlot Cell filled with transfer
buffer before applying @onstant current of 120 mA overnight. The gel was placed
next to the cathode so that the proteins could migrate towards the membrane.

The membrane wa then briefly washed in PBSveen [PBS plus 0.02 % (v/v)
Tween 20] and incubated in 5 % (w/v) rfat milk in PBS for 1 h to prevent non

specific binding of antibodies. The membrane was then briefly washed witif PBS
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and incubated with the primary antdaly against the protein of interest for 1 h at RT

or overnight at 4C with constant agitation.

The membrane was then washed 4 times in #Bf6r 5 min per time and
probed with the secondary antibody (1:10,000 dilution) for 50 min at RT with
constant agitdon. Finallythe membrane was washed again 4 times in -FBsd
observed after being scanned in aQOR® Odysseayfrared Imaging System @I
COR® Biosciences).

2.8.7 Cell fractionation and ResiAssisted Capture of-8&cylated proteins (Acyl

RAC)

Purificationof Sacylated proteins using acyl resassisted capture (AGRAC)
was conducted in order to study palmitoylation in mouse brain tissue. This
technique allows analysis of the level of palmitoylation of known palmitoylated

proteins, or identification of neel palmitoylated proteins.

As the majority of palmitoylated proteins are membraagssociated, a
membrane fraction was the starting material for this assay. In order to separate
proteins associated to membranes from proteins localised in the cytosol deus;,
differential centrifugation was applied during the first steps of the protocol. For cell
fractionation analysis of Ras distribution between cytosol and membrane, cytosolic

fractions were also collected.

Proteins which do not undergo-&ylation or ¢her cysteine modifications
contain unmodified cysteine residues with frégulfhydryl (SH) groups. As the
generation of free SH groups is a key step in the-R&CT protocol to purify
palmitoylated proteins, free SH groups are modified with-m&hyl
metharethiosulfonate (MMTS). This reagent blocks freeg&bips by adding a

thiomethyl group via formation of a mixed disulfide bond.
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In a subsequent step, -&yl chains are cleaved by hydroxylamine (HA)
treatment. HA reduces the thioester bond of proteins riéisig in free Skyroups,
which can then bind to Tbpropyl Sepharose® beaftsming disulphide bonds, and
allowing separation of proteins that were originally acylated from -acglated

proteins.

For the first steps of the protocol, buffer A (25 mM HERBESnM NaCl, 1 mM
EDTA, pH 7.4) was prepared fresh the day before the experiment and kept at 4°C.
Praease inhibitor cocktailwas added to the buffer just before the experiment.
Blocking buffer (100 mM HEPES, 1.0 mM EDTA, 2.5% SDS and 1.25% MMTS) and
binding buffer (100 mM HEPES, 1.0 mM EDTA, 1% SDS) were also prepared fresh
the day before the experiment. Blocking buffer was kept at 4°C while binding buffer

was kept at RT.

Whole mouse brain was initially cut into pieces with a scalpel in order to
facilitate homogenization; this step was not necessary when the starting material
was isolated hippocampi. The tissue was then placed in a Dounce homogenizer with
Buffer A, homogenized by 20 strokes and then passed at least 5 times through a
syringe with a 26G neesl(BD Microlance). The homogenate was centrifuged at 800
xg for 5 min at AC in order to pellet the nuclei. Then a differential centrifugation
was conducted: the supernatant was centrifuged at 16, 100 xg for 50 mifCaina
TLAS5 Rotor. The supernatamif this centrifugation which is the cytosolic fraction
was removed and kept for analysis in the case of cell fractionation experiment. The
pellet which is the membrane fraction was-#edzid LISY RSR Ay Hnan>f
containing 0.5% Triton-X00 (v/v). Total ptein concentration was determined
using the BCA protein assay kit in order to determine the amount of protein that

would be used for the rest of the experiment.

Only part of the membrane fraction (108) was used for AGRAC and the
remainder was staed at-80'C. In order to block free SH groups with MMTS, 200
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of blocking buffer was added to the membrane fraction and incubated for 1.5 h at

40°C in a dry bath with frequent vortexing every 15 min.

3 volumes of icecold 100% acetone were added to thexture and incubated
for 20 min at-20°C for protein precipitation. The mixture was then centrifuged at
5000 xg for 10 min at 4°C. The supernatant was removed and the pellet was air
dried and then washed five times by-sespension in 1 ml of 70 % (v/egicold
acetone by vortexing and then centrifugation at 5, 000 xg for 10 min at 4°C. The

washed pellet was finally reuspended in 406! binding buffer.

For the resin capture, the Thiopropyl Sepharose® beads were activated: 0.2 g of
beads were put into a 15 ml falcon tube, which was then filled witkQdtd the top
and rotated for 15 min on a benchtop rotator (Blood tube rotator SBBHBY
Stuart Scientific). Then, the beads were pelleted by centrifugation at 1, 000 xg for 5
min. The excess water was removed and the activated beads were resuspended in

appropriate binding buffer (0.1 g beads/ml binding buffer).

200> of the beadshinding buffer mixture was aliquoted into 1.5 ml Eppendorf

tubes and centrifuged for 3 min at 800 xg. The binding buffer was carefully removed
and the protein sample was split in 180into reaction tubes which contained the
previously activated beads (onerfHA and one for Tris as a control). The remaining
80 >l was kept as total input control and stored &€80°C until further use. For
treatment with HA, 2M HA at pH 7.2, which was prepared just before the
experiment, was added to a final concentration obM. For negative control
treatment, HA was replaced with the same concentration of Tris (Trizma base,

Sigma), also prepared just before the experiment.

These samples were then incubated overnight at RT withamtend mixing
on the benchtop rotator. lrorder to separate the beads from the unbound proteins,
the samples were centrifuged at 800 x g for 5 minutes at RT. The supernatant was

removed and retained as the unbound fraction.
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The remaining beads were washed 5 times with 1 ml binding buffer byxinge
and pelleting the beads by centrifugation at 1, 000 xg for 30 sec. Subsequently, the
proteins were eluted from the beads by incubations in 100 pl 1x Laemmli buffer
O2yGFAYAY3a pn Ya 5¢¢ FT2N mp YAydziSa I
another certrifugation at 1, 000 xg for 30 sec was performed and the supernatant
was retained. The eluted proteins represented the bound fraction. Before
subjecting all samples to SIPAGE. The final volumes of the bound and unbound
fractions were then equalised to08 >l and the unbound and total input were
YAESR 6AGK [FSYYEA 0dzZFFSNI O2y Gl AyAy3d pn

2.9 Immunofluorescence andanfocal microscopy

HEK293T cells were plated irw@ll plates after putting two 12 mm preoated
PolyD-Lysine coverslipgVvitrocam, Surrey UK) per well. 24 hours later, cells were
GN} yaFSOUGSR dzaAy3a H >3 LIFAaYAR 5b! LISN ¢
washed x3 in PBS, and fixed in 4% Formaldehyde (16% Formaldehyde mé&tanol
from Thermo Scientific was diludein PBS) for 20 min at RT. Then coverslips were
washed twice in PBS containing 0.3% Bovine Serum Albumin (BSA, Fisher Scientific)
and cells were permeabilized for 6 min in PBS containing 0.3% BSA and 0.25% Triton
X-100. Then the coverslips were washed RBS containing 0.3% BSA and the
primary antibodies were added on for 1 h. Three washes with-BPBS followed
before the secondary Alexa Fldoonjugated antibodies were added for 1h (1:1,000
dilution in PBS/BSA). The coverslips were again washed 3 tirtte®B&SA and
once with dH20O before being aried for 30 min. The coverslips were then
mounted on slides using Mowiol mounting agent. The next day, cells were observed

under an SP5 confocal microscope (Leica Microsystems) using two different

channels baed on the secondary antibodies used.
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2.10 Data analysis

The density of protein bands on immunoblots was quantified and background
density of the same gel lane subtracted in order to measure relative protein
expression. The software Image StudioTM Lite MZCQR Biosciences, Lincoln, NE,
USA) was used for quantification of immunoblots visualised by the Odyssey ®
infrared imaging system (OR). The relative protein levels were calculated using
Excel software (Microsoft® Office system). The mean of the uneds/alues was
presented with the standard error of the mean (SEM). The results were plotted

using GraphPad Prism® software or Excel.

Statistical analysis was conducted using either SPSS version 22 or Minitab
version 17 software packages. For parametratadanalysis, unpaired-tests in
Minitab or general linear model repeated measures (ANOVA) in SPSS were used as
appropriate. For nosparametric data analysis, MaAWhitney U test was used in
SPSS.

2.11 Omics approaches
2.11.1 Proteomics

Proteomic profiling was condted in cdlaboration with Dr M. Collins
(University of Sheffield) using samples enriched for palmitoylated proteins by acyl
RAC. Bound fractions from KO and WT whole mouse brains (n=2) were sent for
analysis (HA and Tris treated samples). The preparafitime samples followed the

described methodChandraret al,, 2017)

Briefly, samples were alkylateseparated using SEFSAGE with ac20% precast
TGX mingel (Bioradl and visualized with Instant Blue (Expedeon). Each gel lane was
divided into 5 sections. igel digestion was performed as previously described
(Bayéset al,, 2011)and extracted peptides were analysed in a 60 mamaflow
Liquid ChromatograplgMass Spectrometry/Mass Spectrometry US/MS)

74



experiment on an Orbitrap Elitdfrom Thermo Fish@rhybrid mass spectrometer

with a nanospray source, attached to an Ultimate RSLCnano LC System (Dionex).
Data were processed wit MaxQuant version 1.5.2.8quantitative proteomics
software package) and were searched against mouse UniProt sequence databases
(downloaded June 2015). Label free quantification was performed using MaxQuant
calculated protein intensities in order to firtle relative levels of proteins in each

purification (Coxet al., 2014)

In order to look for important changes between KO and WT mouse brain
palmitoylation, firstly proteins with a ratio of HA/Tris < 5 were removed from the
dataset to focus on proteins that are more likely to be palmabstl and then KO
HAMT HA ratios were calculated. &tK S Sy R>X LINRPGSAya GKIF G LIN

AAAAA

H YR X nodp 6SNB aStSOGSR F2NJ FdzNIKSNJ |y

2.11.2 Metabolomics

Metabolomic profiling from urine samples of 3 WT and 3 KO adult male mice
was conducted in collaboration with Dr David Watson at the Universfty o
{GNI KOt eRS® ¢KS LINR(i202f ¢l a o0lFlaSR 2y L
group(Aliet al, 2016) Briefly, 100>l of urine was collected in Eppendorf tube from
each mouse by being scruffed by the neck. The mice tend to urinate while being

scruffed as they are stressed. The samples were then prepared-fdiSLahalysis.

LCMS data were acquired on Rionex 3000 HFRL (Thermo Fisher Scientific)
coupled to an Exactive Orbitrap (Thermo Fisher Scientific) in both positive and
negative mode set. A p value <0.05 for negative and positive ion data was applied
for filtering in order to identify significant changes between \Afid KO animal

metabolome.
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MetaboAnalyst was used for Pathway Analysis (free available online tool). The
analysis included all metabolites with p value <0.05. The pathway analysis included
an Overrepresentation analysis using Hypergeometric Test and Battoapology
analysis using Relatikmetweeness CentralityBetweenness Centrality measures the
number of shortest paths from all nodes to all the others that pass through a given
node within a pathway. Pathways with a p value <0.05 were considered sagtiific

changed in KO animals.

2.11.3 Integrated metabolomic and transcriptomic analysis

MetaboAnalyst offers the option of integrated metabolomic and transcriptomic
analysis. Transcriptomic data were praysty acquired in our lab by Hessor Luke
Chamberlain incollaboration with the DNA Microarray Facility in Mabanck
Institute for Molecular Biology and Genetics in Germany. Whole brain tissue was
used from 3 WT and 3 KO adult male mice for RNA extraction and transcriptomics.
An unpaired t test was conducted identify statistically significant changes in gene
expression between WT and KO mouse brain. A p value <0.05 and a fold change
of >1.5 in upregulation/downregulation was used to filter the results. Initially,
transcriptomic pathway analysis was condutt®r the molecules meeting those
critiia. using  g:Profiler  which is free available online tool

(https://biit.cs.ut.ee/gprofiler/).

For the integrated pathway analysis, all metabolites with a p value <0.05 were
included along with the transcriptomic dat&his type of pathway analysis contains
enrichment analysis which aims to evaluate whether the observed genes and
metabolites in a particular pathway are significantly enriched (appear more than
expected by random chance) within the dataset. For this, dher-representation

analysis (ORA) was used based on hypergeometric test.

Apart from enrichment analysis, the integrated pathway analysis contains

topology analysis which aims to evaluate whether a given gene or metabolite plays
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an important role in a bilmgical response based on its position within a pathway.
For this, the Degree Centrality option was used which measures the number of links

that connect to a node (representing either a gene or metabolite) within a pathway.

Moreover, the genanetabolite node allows joirtanalysis and visualization of

both significant genes and metabolites
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CHAPTER 3

3 Initial characterisation of the Zdhhc9 mouse line
3.1 Introduction

The zDHHC9 enzyme is an integral membrane protein of 41 kDa containing four
transmembrane dorains. The DHHC catalytic domain is located in the cytoplasmic
loop between the 2¢ and 3¢ transmembrane domaingSwarthoutet al, 2005) In
the Golgi, along witlisCP16 (Golgi Complex associated protein of 16 kDa), it forms a
complex that palmitoylates {Ras and NRas(Swarthoutet al,, 2005)

Differential expression or giuption of theZDHHC®@ene which is located on X
chromosome in human and mouse, has been implicated so far in human colorectal
cancer(Mansillaet al,, 2007) leukaemiaLiuet al,, 2016) and various neurological
defects including intellectual disabilit epilepsy, and speech and attention deficits
(Raymond et al., 2007; Baket al.,2015) However, it is currently unknown what
molecular and cellular changes underlie these neurological immgats caused by
ZDHHC#nutations. In addition to Hand Nw | & = -AdkeSergic ReceptqAdachi
et al.,, 2016)and BK potassium channels (Tian et 2010) are the only known

substrates of this enzyme.

Zdhhc9is highly expressed in mouse brahttp://mouse.brainrmap.org/). The
mouse protein also shows a high similarity of 99.2% to the human zDHHC9 protein
(found using EMBOSS water), thereforezdhhc9knockout (KO) mouse model
would be ideal to investigate how disruption @DHHC%ffects moleclar and
cellular pathways linked to behaviour. A study published in 2010 reported the
generation of approximately 400 KO mouse lines, which includ&ditdc9line
(Tang et al 2010. However, tedate there has been no significant analysis of this

novel KAine and specifically whether it might represent a useful model system to
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investigate zDHHC9 function and how dysfunction of this enzyme leads to

neurological impairments.

The aim of this chapter was to investigate the expressiorZzatfihcOmRNA
transcripts in theZdhhc9mouse line and to determine if it represents a true KO

model.
3.2 Results
3.2.1 Zdhhc9 KO mice are born at a lower frequency than WT mice

After genotyping weaned mice baakrossed foiat least6 generations gathering
data from 7 breeding cycles wéserved that the average ratio of KO migersus
WT males that were born and weaned was 0.35 + 0.08, while the respective ratio
for HET femalesersusWT females is 0.96 015. The ratio of KO to WT animals
was significantly different from the expectedti@of 1. Therefore, the disruption of
Zdhhc9causes some lethality in male animals. In contrast to the KO animals, the
mutation does not seem to disrupt the number of H&limals born and weaned

(Figure3.1) compaedto WT animals.
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Figure3.1 Average ratios of numbers of Zdhhc9 KO versus WT male animals weaned and
HET versus WT female animals weanddhe animals included were baakossd for at
least 6 generations. Data gathered from 7 breeding cycles. Error bars represent standard

error of the mean (SEM).

3.2.2 Qualitative analysis oZdhhc9expression in brain samples from WT and

Zdhhc9 KO mice

At the time of undertaking this analysis,ramber of commercial antibodies
against zDHHC9 were tested. However, | did not identify an antibody that
specifically recognized the zDHHC9 protein. Therefareprder to study the
expression ofZzdhhc9in mouse brain RNA was extracted from WT and KO frai
samples and cDNA was synthesized. The RNA was reverse transcribed to cDNA,
which wasthen used inend-point PCR reactions with primers designed to amplify
specific regions of Zdhha&hd of reference genes. cDN&nthesis andsuccessful

amplification of arget DNA was initially s#¢ed by endpoint PCRKigure3.2).
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To be more precise, thdhhc9cDNA regiorf N2 Y (GKS pQlwasw G2
amplified in themRNA Confirmation assay 1 (MA1) and the Zdhhc9 cDNA region
from Exon 2 to Exon ®as amplified in themnRNA Confirmation assay 2 (MA2).
Moreover, the region of Zdhhc9 transcriptftom exon 5 to exon Was amplified
(z9v1).

The reference gengseptidylprolyl isomerase APPIA) TAR box binding protein
(TBP) andhypaxanthine guanine phosphoribosyl transfera&tPRT1)vere selected
based on a previous study conducted in mouse b(Rernot et al., 20103howing
that they have ubiquitous gxession and their transcripts were amplified. Negative
controls for the PCR were included for each primer pair in which cDNA was not
added. Negative reverse transcription controls were also used (no reverse
transcriptase enzyme added) which are contr@atons that test for amplification

of contaminating genomic DNA.

_________ Y,V p— KO Neg

MALMA2 291 29v2 PPIA TBP HPRTL

Figure3.2 Agarose gel electrophoresis @nd-point PCR products from WT and KO brain
cDNA samplesnRNA Confirmation assay 1 (MA1) amgdifa Zdhhc9 mRNA region of 283
0L TNRY (KS pQ!e¢w (2 9E2Yy W Ay (GKS 2¢ Y2dza$
deleted. MRNA Confirmation assay 2 (MA@pplified a Zdhhc9 mRNA region 154 bp
from Exon 2 to Exon &t the WT mouse but not in the K& exon 2 is deleted¢9v1 and
z9v2 stand for Zdhhc9 transcript 1 and 2 respectivedulamplifies a Zdhhc9 mRNA region
of 139 bpfrom exon 5 to exon .7z%2 was designed to amplify a Zdhhc9 mRNA region of
106 bpfrom exon 5 to exon 7 buvas not ampfied under these PCR conditioigeference
genesamplified werePPIA TBPand HPRT1Negative (Neg) controls for each primer pair
are reactions where the reaction mix did not include cDNART1 stands for negative
Reverse Transcription control with MALlirpers. -RT2 is negative Reverse Transcription

control with PPIA primerdheHyperLadder 100 bwas used as marker of DNA size.
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To sum up, the above results confirm that exdricoding exon 1) aZdhhc9is
deleted in the KO mouse braas the strategy oKO was targeting the deletion of
this genomic region. However, it seems that there is a transcript that is produced in
the KO mouse using the9vl primers, which therefore requires further

investigation.

3.2.3 Quantitative analysis oZdhhc9expression in braa samples from WT and

Zdhhc9 KO mice

To inwestigate the relativelevels of ZdhhcO9mRNA between WT and KO
mouse brain, gPCRas conducted with cDNA from 3 KO and 3 WT mouse brain
samples.Using thecycle threshold(Ct) values, normalisation against the two
reference genes was conducted based on the following equation for each brain

sample
NnCt = Ct (target geneCt (rekrence gene)

Then the averag@ / Wias calculatedFigure3.3) for the KO and WT group
and statistical analysisevealed significant differences in expression of MA2
between WT and KO groups when normalised against the two references genes.
Moreover, a significant difference in expression of z9v1l when normalised against

HPRT1 was noted.
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Figure 3.3 Comparison of the averagaCt values of WT and KO mouse brain samples
(n=3 WT, 3 KO) for MA2 and z9v1 after normalisation against TBP and HEBNA. from

WT and KO mouse brain was amplified for 40 cycles using specific primers for the different
targets (MA2, z9v1, TBP and HPRTiJ 8YBRR Select Master Mix. Statistical analysis
(unpaired ttest, Minitab) revealed a significant effect of genotype in MFEP (p=0.042),
MA2-HPRT1 (p=0.046) and z®PRT1 (p=0.037). p value for zZAP was 0.075.

Then, the expression fold change (Ef of each gene was calculated

following the equation:
EFC=p &t
6 KSNB ayeradeii I (i 6 dragen / 162 ¢ 0

When EFC>1, then the target gene is upregulated in KO where EFC<1 the
target gene is downregulated KO(Figure3.4).
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EFC

0.4 0.392

0.369

Expression fold chan

0.01 0.00061 0.00057

MA2-TBP MA2-HPRT1 z9v1-TBP z9v1-HPRT1
Normalisation against reference genes

Figure3.4 Expression fold change (EFC) for MA2 and z9v1 target genes after normalisation
against reference genes TBP and HPRmlall cases, EFC<1 which means that MA2 and

z9v1 are downregulated iidhhc9KO mouse brain.

84



Based on the mRNA confirmation assay 2 (MA2), there is a large difference
in expression between WT and KO mice (1888 when the normalisation is
againstTBPand 1754fold againstHPRT), which effectively shows that Adhhc9
transcript containing thisegion is not present in thédhhc9 KQnice, as expected
(Figure3.4). In contrast transcript 1 (z9v1) in KO brain was calculated to be present
at 39.2 % of the WT level when normalised agali&®and 36.9% when mnalised
againstHPRTIFigure3.4). These results confirm that although the targeted exon is

removed in KO micehere arestill low levels of a transcript produced.

Based on previous microarray data from oumowp from mouse brain

samples, using two different probes complementan2g G KS o0Q! ¢w 27F

MRNA (probe sequences
pQDDD! DDDD¢D/ V!V /v /D!V'/¢¢cee!r ! ¢/ ¢! ¢¢cc¢camdl! DD/ D!
pQ¢! ! 11 D¢/ ¢D/ '/ ¢¢e¢eD/ ¢DD¢c¢cc¢c/ ¢cc¢cc¢ccec// ¢/)! DDDD! ! D/

Zdhhc9 expression was dowegulated 2.88 times and 1.77 times respectively in
KO mouse. These microarray results are similar to the difference in expression of

transcript 1 (z9v1dhat we detected by gPCR4ble3.1).
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Table 3.1 Difference in expression of Zdhhc9 between KO and WT mouse brain
normalised againsttwo reference genes.Using the MA2 primers, an almost 170d
lower expression was detected in th&dhhc9KO mousebrain versus WT. Using z9v1
primers, an almost 2-#old reduction was detected in the KO mous&in, which isa 38%

down-regulation of expression.

Fold difference in zDHHC9 transci
between WT and Zdhhc9 KO mice

Normalisation | Normalisation

againstTBP against HPRT1

MRNA  confirmatior] 1639 1754
assay 2 (MA2)

transcript 1 (z9v1) 2.55 2.71

3.2.4 Analysis of the mRNA transcript detected in Zdhhc9 KO mouse brain

To investigate the Zdhhc9 transcript that was detected in KO mouse brain,
primera O2YLX SYSy (Gl NB (G2 9E2y ™M odzy NI yatl
designed in order to amplify the full coding sequence contained in this transcript.

' YLX AFAOFLGAZ2Y 2F O5b! FNRY 2¢ |YyR Yh
(untranslated region) primershowed that a shorter transcript is present in KO
samples compared t&VT EFigure3.5). The PCR products were then sequenced,
which revealed that the transcript that was identified in the KO brain lacks 290
nucleotdes compared to the WT Zdhhd®anscript (Figure 3.6). The correct
translation initiation codon is missing in this transcript but it is possible that

translation could start from a different position (e.g. from thext available ATG).
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However at present it is not known if any protein is produced from this mutant

transcript.

------------ E 10 i E— S 19 ) () m—

N © > N © S

Figure3.5 Agarose gel electrophoresis @nd-point PCR products from WT and K@buse
brain cDNA samplesThefollowing primers were usetbr PCR: 3UTR amplifyind 524 bp
region in the WT mousbrain and 3UTR(Bamplifying al1481 bpregion in the WT mouse
brain. N: negative control for PCRhe HyperLadder 1 kb was loaded as marker of DNA size

(first lane).
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EMBOSS_8ed 1214 GTCCTOGATCGAAGGEETATTT TOCCACTGGAGGAAAGTOGAAGTCGACC 1263

EMEQSS_081 761 GTCCTEGEATCEAAGSGETATTTTGOCAC TEGAGEALAGTGNANGTCEACC 810
EMEOSS_081 1264 TCCAAGTACTCAAGAGACCAGCAGTAGCCTGTTGCCACAGAGCCCAGCCT 1313
LLEECEOERE TR e e e e e e e e e e e v e e L
EMEQSS_081 811 TCCAAGTACTCAAGAGACCAGCAGTAGCCTGTTGCCACAGANCCCABCCT 860
EMEOSS_081 1314 CCACAGAGCATATGAACTCTAATGAGATGECAGABGACACCAGCATTCCT 1363
LLLECOEREE R R R e ek fr et -k
EMEQSS_0e1 861 CCACAGAGCATATGAACTCTAATGAGATGGCAGANGACACCNGCNTTCCT 918
EMEQSS_081 1364 GAMGAGATGCCACCTCCAGAACCCCCAGAGCCACCACABGAGGCATCOGA 1413
e LELEDELEREEER FEL R TR P TR TR e
EMEOSS_081 911 GAMNAGATGCCACCTCCANAACCCCCANAGCCACCNCAGGAGGCATCCGA 960
EMEQSS_081 1814 AGCTGAGAAG 1423
s
EMEOSS_081 961 AGCTGANNAG 978

Figure 3.6 Nucleotide alignment between the Zdhhc9 transcript o sequence) an
the transcript isolated from the KO mouse brain (bottom sequence) using EMI
Water. The sequence that is lacking from the transcript amplified from KO mouse
highlighted in blue. The ATG initiation codon is situated in posBR of the Zdhhc
transcript 1 and indicated in yellow star (region missing in the transcript isolatec
the KO mouse brain). The red star shows a potential initiation codon in the z

transcript from KO brain (ATG in position 98).

3.2.5 Analysis of expression of mutant Zdhhc9 in HEK293T cells

Due to lack ofspecific zDHHC9 antibodies at the time of undertaking this
analysis, we were unsure about the exact protein that is expressed (if any) in KO
mouse brain. If translation started from the next available ATG in the shorter mMRNA
fragment present in KO mideed star inFigure3.6), thenthis would produce an N
terminally truncated protein that includes the & catalytic domainThis DNA
fragment wagherefore cloned into thepEFBOSHA plasmidising BamH1 sites that
were introduced in the primers used for PCR amplification. TheB@EHHA plasmid
encodes an Merminal triple HA tag.HEK293T cellevere transfeted with this
plasmid and protein expression in cell lysates was analysed byP&GE and

Western Blotting using an HA antiboBigure3.7, upper panel)A shorter zDHHC9
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protein is produced from the mutant construetnd expressed at similar levés to

full-length zDHHC9 in HEK293T cells.

zDHHC9

Cyclophilin-B

Figure 3.7 Expressionof full-length and truncatedzDHHC9n HEK293T cellCells were
transfected with plasmids encoding HBHHC9 (full lengthnd mutant construct) and cell

lysates were analysed by SDS D9 | YR A Y Yary NSILINBBASYFId OSt f a
with empty pEFBOS. The membrane was incubated overnight with antibody against HA in

order to detect HA taggedDHHC9 (upper part of figg)y The membrane was also
incubated overnight with antibody against CyclophBiras loading control (lower part of

figure). Position of molecular weight markers are shown on the left.

3.2.6 Localisation of mutant zDHHC9 in HEK293T cells

In orderto further investigate the truncated zDHHC9 protein, HEK293T cells on
coverslips were transfected with either fiéingth HAzDHHC9 plasmid or with
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mutant HAzDHHC9. Slides were stained with HA antibody and an antibody against
the Golgi protein, GM130, and then obsedvander a confocal microscope. While
WT zDHHC9 was localised mainly in Golgi and showkxtalisation vith the Golgi
marker GM130 Kigure 3.8A-C), mutantzDHHC9 showed a dispersed localisation
similar to that exgcted of endoplasmic reticulum and showed very little overlap

with the GM130 Golgnarker Figure3.8D-F).

Figure 3.8 Localisation of fullength and mutant zDHB9 in HEK293T cell&ntibodies

against HA and GM130 (¢Bolgi marker) were used to study the localisation of the
proteins using 488 (for HA) and 633 (for GM130) channels (Leica Microsystems). Panels
A,B,C show cells transfected with fidhgth HAZzDHHClasmid. Panel A shows the
localisation of zDHHC9 in the 488 channel. Panel B shows the same cells as panel A using
the 633 channel for the detection of GM130 which is localised #&olgi. Panel C is merge

of panels A and B. Panels D,E,F show celfsferated with mutant HAdhhc9 plasmid.

Panel D shows the localisation of mutant zDHHC9 in the 488 channel. Panel E shows the

same cells as panel D using the 633 channel for the detection of Golgi marker GM130. Panel
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F is merge of panels D and E. Scals barthe bottom right of each panel correspond to 10

>m.

3.2.7 A new antibody agaist zDHHC9 confirms KO aDHHC%expression and

the absence of a truncated zDHHC9 protein in KO brain

At the end of this PhD project, work performed ByofessorLuke Chamberlain
identified a commercial zDHHC9 antibody that spedificrecognises this zDHHC
enzymeisoform but not zDHH@, -7, -15, or -17 in transfected HEK293T cells
(Figure3.9 left pane). Although this antibody recognised multiple protein bands in
brain lysates there wadear loss of an immunoreactive band in KO brain samples at
the sze expected of zDHHCBIgure3.9). Furthermore, KO samples did not contain
an additional lower molecular weight immunoreactive bandnipared to WT
samples) Figure3.9 right panel).These analyses suggest that the mouse line is a
true KO model and that the smaller mRNA fragment preserddhhc9KO mice

does not produce detectable levels of a correspondinmein.
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Figure 3.9 Confirmation of the KO oZDHHC%expression in protein levelLysates from
HEK293T cells transfected with f#yged zDHHCs were probed with antibodies against
zDHHC9 (top left) and HA (bmm left). Brain lysates from WT and mutant mice were
probed with antibodies against zDHHC9 (top right) and beta actin (bottom right). Position of

molecular weight markers is shown on the left of all immunoblots.

3.3 Discussion

Gene targeting techniques habeen available for over 30 years and have been
widely used to disrupt genes of interest in order to delineate their function
(Mansour et al. 1988 Hall et al., 2009) Mice serve as good experimental animal
species in order to study biological processes because they share around 99% of the
same genes witthumans (Capecchil994). KO mice have been generated for

thousands of mouse genes and they have contributed valuable insight into gene
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function and molecular and cellular mechanisms underlying dis¢elsdl et al,
2009)

When working with a knockout ause model, it is important to investigate that
the gene is indeed knocked out. There are various studies published where the
researchers do not investigate thgresence of other mRNA fragmenpsoduced
from the disrupted gene. This chapter emphasisesithiortance of confirming the
knock out of a gene and characterising the transcripts produced (if any). This is
particularly important if protein detection is not easy for example due to the lack of
commercially useful antibodies. | confirmed that exon Zdhhc9is deletedin KO
mice as expected from the strategy of creating the KO line. However, a shorter
transcript that lacks exon 2 was detected in KO mouse brain albeit at statistically
lower levels than the WT transcript. Sequence analysis of the cléragpnent
showed that it lacked the initiating methionine of zDHHC9 although &rame
ATG codon was present downstream, suggesting that a shorter zDHHC9 protein
construct might be produced from this mRNA species. Although a shorter transcript
was expresed at roughly one third of the levels of the WT transcript,
immunoblotting failed to detect a corresponding protein fragment. Importantly, the
antibody used was generated against ae€@ninal peptide of zDHHC9 that is
encoded by the short mMRNA speciedslpossible that no protein is produced from
the shorter mMRNA because it is not efficiently processed by the translation

machinery or alternatively a protein might be made but rapidly degraded.

The ZdhhcStranscript that we identified in the KO brain |&R90 nucleotides
compared to the WT transcript due to disruption of exon 2 (coding exonZdhhc9
DNA sequence. Some of this missing region in the mutant transcript belongs to the
untranslated part of the gene. If translation starts at the first AT@iwithe
undisrupted open reading frame, then the protein that would be produced from this
transcript would lack transmembrane domain 1 and part of 2 but not the catalytic

region. Overall, the protein would lack 73 aa. After cloning this mutant transcript
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and expressing it in HEK293T cells, we identified a shorter zDHHC9 tagged protein
(Figure3.7). Subcellular localisation of the mutant zDHHCS9 is different from the wild
type protein (Figure3.8). Normally, zDHHC9 is localised indeplasmic reticulum

(ER) and Golgbwarthoutet al, 2005) In the Golgi apparatus, it forms a complex
with GCP16, whit stabilises and activates the enzyme. Retention of the mutant
zDHHC9 in the ER is likely due to absence of the first and part of second
transmembrane domain, which may interfere with protein assembly and folding. In
addition, recent work has suggested ththe transmembrane domains of zDHHC
enzymes may be important for palmitoylation activity/specificftgreaveset al,

2017) and therefore removal of the transmembrane domains in the mutant protein

may perturb enzyme activity and possibly also substrate recognition.

Although it appears that the shorter Zdhhc9 transcript in KO animals does not
produce corresponding proteirOther studies have highlighted the importance of
undertaking a rigorous assessment of KO modelsitamin D receptor knockout
mouse line was found to express a shorter mRNA fragment that lacked the targeted
exon 2 but contained exons® I Y R { ¢ Blatqul @xordzyBill&lét §P005).

Like our study, this transcript was expressed at lower levels than the WT transcript
but in this case it produced a protein fragment that was identified in western blots
and thought to originate due to translational initian at the codon for Met2.
Furthermore, this truncated receptor retained full binding for 1,25
dihydroxyvitamin D3(Bulaet al., 2005. This study further highlights the potential

for expression of altered and potentially dominamegative protein fragrants that

may exert a major contribution on the reported phenotypes of certain mouse
models. Although most studies reporting novel KO mouse lines examine expression
of the protein in WT versus KO samples, it is important that care is taken to probe
for the presence of lower molecular weight fragments and to use different
antibodies to confirm true knockout (e.g. antibodies against both theaid C

termini of the protein of interest).
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Another finding made was that disruption &dhhc9causes a seniethal
phenotype, which is similar to what has been reported for the disruptioAdithc5
(Liet al,, 2010) Mice homozygous for disruption of this gene were born at a ratio of
0.5 compared to WT anima(kiet al, 2010) In contrast to theZdhhc9 KGnouse
line, theZdhhc3ine is a genetrap model that still expresses zDHHC5 protein at 10%
of the level of WT mice. Despite this residual expression, the genetrap mutations
are semilethal similar toZdhhc9 K@nice. Althoughzdhhc9male KO micera born
at a frequency of 0.3 compared to male WT mice, #ubhhc9 KOnales that are
born are otherwise healthy and fertile. The low ratio of KO/WT male animals may
suggest thatzdhhc9is important for embryonic development but not crucial, and
thus perhag some KO embryos are-absorbed at an early stage. The ratio of HET
versusWT female animals is close to 1, showing that one WT allele is sufficient for
normal embryonic survival and that disruption of the second allele in the case of

heterozygous animaldoes not lead to any lethality.

In humans, there are seven allelic variantZBHHC®%hat have been associated
to ID. Three of them are caused by nonsense mutations, three by missense
mutations and one by deletion of exons. The first nonsense mutatioa 4bp
duplication in exon 3 that causes a truncated protein lacking the catalytic domain
(Raymoncet al, 2007) The second nonsense mutation is on a splice site resulting in
a frameshift and subsequent truncation and removal of the catalytic domain
(Raymoncet al, 2007) Those mutations are logd-function. A nhonsense mutation
in exon 9 of the gene creates a stop codon: ¢.892C > T; p.Ar¢gi2a8tiretPauletet
al., 2014) The mutant protein does not latke catalytic domain as the mutation is
situated in exon downstream of the catalytic domain. Indeed the protein is
predicted to contain all four TMDs but to lack theteg@minal tail. It will be
interesting to determine how this-@rminal region contribute to zDHHC9 function.

One possibility is that is plays a role in substrate recognition.
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The two missense mutations are within the catalytic domain of the protein
(442CT and 4484 transitions) that cause amino acid substitutigReymoncet al,
2007) Theg mutations reduce the steady state level of autopalmitoylated zDHHC9
enzyme (Mitchell et al, 2014) As autopalmitoylation preces substrate

palmitoylation, these mutations thus directly perturb zDHHC9 enzymatic function.

A de novomissense mutation was recently described in exon 3 of the gene, a
single nucleotide substitution, ¢.286C > T; p.Arg96{Hpanet al, 2017)which has
been already descrilikin a family (Tzschaclet al, 2015) It is not within the
catalytic domain but upstream of it, nevertheless it is pathogenic. Again, it will be

interesting to determine how this mation affects zDHHC9 fucntion.

Deletion of exons 9 and 10 which are downstream of the catalytic domain,
causes a pathologic phenotype with mild developmental delay badaviour
disorder (Booneet al, 2010) Thus,it is clea that in humans, even when the
catalytic domain of zDHHC9 is not directly affected, mutations upstream or

downstream of it are enough to cause ID.
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CHAPTER 4

4 Behavioural and anatomical investigation of the effect @dhhc9

KOin mouse brain
4.1 Introduction

Intellectual disability (ID, formerly known as mental retardation) is a generalised
neurodevelopmental disorder occurring in 1% of the total populafidiaulik et al.,
2011) It is a world wide disader with similar prevalence to schizophrenia and
depression and although it has been studied for decades, its pathophysiology is not

yet fully understood.

ID is characterised by deficits in intellectual functions such as learning and
problem solving aneh adaptive functions such as practical and social skills. Genetic
factors can cause ID i.e. mutations in genes or chromosomic abnormalities that are
inherited however ID can also be acquired before or after birth because of

infections, environmental facts or brain traumgMoeschleret al.,2014)

Many genetic factors are known to cause ID, including mutations iZE¢éHC9
gene (Raymondet al, 2007) In addition, while this study was ongoing, further
analysis of patients witZDHHCY9nutations uncovered epilepsy, hypotonia, and
speech and attention deficits in these individuals. In addition, another prominent

feature was hypoplasia of the corpus callos(Baker et al., 2015)

At present, there is essentially no information available on ha@HHC9
mutations actually cause these neurological deficits. The nddahc9 KOGnouse
line that was characterised (at mMRNA and protein level) in chapter 3 may affer
valuable resource to delineate the links between palmitoylation and ID, epilepsy

and other neurological deficits.
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In thischapter, | reporthe first behavioural characterization @Gddhhc9KOmice
in order to delineatethe role ofzDHHC® behaviour andhervous systenfunction,
and determine if these mice exhibit similar features to humans vidibHHC9
mutations A range of behavioural tests were conducted in adult n&déhc9KO
mice, with a particular focus on learning and memory tests, and test okegnxi
which is commonly affected in other ID mouse models. In addition, | explored if the
most prominent brain structure change in patients with ZDHHC9 mutations

hypoplasia of the corpus callosuis also observed in this model.

4.2 Results

4.2.1 Physicalgrossexamination of Zdhhc9 KGOnice

In order to identify any gross physical abnormalities caused by disruption of the
Zdhhc9gene, the SHIRPA protocol was conducted on 24 WT and 18 KO littermates
at 810 weeks old. The results of this &ms arepresented inTable4.1.

Physical examination showed that only 1 of the 18 KO miceveag small,
almost non-existent whiskerson one side Statistical analysis for ngrarametric
data using a MamWhitney test in SPSS version 2@8vealed no significant
differences for the morphology of the whiskers between WT and KO animals. As
regards provoked biting, the MaAWhitney test showed a p value of 0.051 close to
significance for the effect of genotype. For visual placing behaviour Mbhen
Whitney test revealed a significant difference between WT and KO animals
(p=0.001), with the KO animals extending earlier their paws when reaching a
surface. Other than this, no other gross physical deficits were readily visible on KO

mice.
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Table4.1 List of behaviours that were scored for each animal while the animal was in the
arena for a 5 minute period or restrainedY stands for yes while n stands for ridhe
number of animals that presented thisdhaviour out of the total number of animals is

notedin parenthesis

Location Measure Sore scale |Range of scorg  WT KO
N lying flat to
body position 0-5 _ ) 3 3
vertical leaping
none to
spontaneous
o 0-4 extreme rapd 2 2
activity
dart
tremor 0-2 none to marke 0 0
urination y/n yes/no y y
defecation y/n yes/no y y
bizarre
) yIn yes/no y y
behaviours
convulsions yIn yes/no n n
eyes wide ope
to eyes
palebral closurg 0-2 0 0
completely
closed
_ . noneto fur
piloerection 0-1 ) 0 0
standing on en
_ normal to
gait 0-3 _ . 0 0
incapacity
markedly
pelvic elevatior] 0-2 flattened to 1 1
elevated
dragging to
tail elevation 0-2 ) 1 1
straub tail
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evidence of

grooming y/n yes/no y y
Intact (1),
whiskers malformed I (17/18)
(M)/ no Aot M (1/18)
whiskers
none to
pinna reflex 0-2 hyperactive 1 1
(repetitive)
none to
cornea reflex 0-2 hyperactive 1 1
(repetitive)
lacrimation y/n yes/no n n
provoked biting y/n yes/no y (20/24) | "y (10/18)
Restrained n (4/24) n (8/18
trunk curl y/n yes/no y y
none to early 1(11/18)
visual placing 04 vigorous 1 2 (5/18)
extension 3 (2/18)

no impairment
righting reflex 0-3 to complete 0 0

failure to right

The weight of the animals before conducting tBelIRPA was also measiire
(Figured.l) identifyinga significant difference between WT and KO animals with the
KO animals being significantly lightetvérage WT weight: 27.58 g, average KO
weight: 25.36 gp=0.002).
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Weight

30 + *
25 -
3620
E15- mWwWT
§10- H KO
5 -
0-

Genotype

Figure4.1 Weight of male Zdhhc9 KO and WT animals before conducting the SHIRPA task
(n=18 KO, 24 WT)Average weight (g) is shown; error bars show SEM. Statistics were
conducted using unpaickt test in Minitab version 1€0.002 for effect of genotype

4.2.2 Zdhhc9KO mice exhibit hypotonia in the hanging wire

In order to compare the grip strength @dhhc9KO mice to WT littermates
the hanging wire task was conducted in 14 KO and 20 WT mice that w&re 8
weeks old. Prior toanducting the task, the weight of each animal was noted as

heavier animals tend to spend less time hanging on the wire.
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A Weight

*
mWT
m KO

Genotype

Weight (g)
P P N DN W
o O o1 O

o

o o

B Average time in the hanging

wire
30
60
D *
) BWT
£ 40
= B KO
20
0
Genotype

Figure4.2 Comparison of wildtype and Zdhhc9 KO mice in the Hanging Wire t¢4{
Weight of Zdhhc9 KO and WT animals before conducting the hanging wire tas
KO, 20 WT); and (B) average time spent on the wire; draos show SEM. Statist
were conducted using unpaired t test in Minitab version 17, p=0.002 for effe

genotype in weight and in time spent in the wire.

Zdhhc9KO mice were found to be significantly lighter (average weight
WT: 26.81 gr, for KO: 24.72 gr) and also spent significantly less time hanging on
the wire (average time for WT: 68.03 s, for KO: 36.59 s), which may indicate
lower grip strength (p=0.002 for effect of genotype on weight and on
performance in the wireusing unpaired t test wit Minitab version 17Figure
4.2).
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4.2.3 Zdhhc9KO mice show normal motor coordination on the rotarod

In order to examine the motor coordination and balance of #dhhc9KO

mice, the rotarod &sk was conducted on the same mice (h=14 KO and 28WT,

9 weeks oljl
A Weight
30 N
25
& 20
E‘J 15 BWT
= 10 m KO
5
0
Genotype
B Average time on the rotarod
300
250
7 200 I I
E 150 mWT
= 100 H KO
50
0

Genotype

Figure 4.3 Comparison of wild type and Zdhhc9 KO mice on a rotarofR) Weight of
Zdhhc9 KO and WT animals before conducting tharoat task (n=14 KO, 20 WT); and (B)
average time spent on the rotarod ; error bars show SEM. Statistics were conducted using

unpaired t test in Minitab version 17, p=0.017 for effect of genotype on weight.

The weight of the animals was significantlyfeliént on the day of the

experiment with the KO mice being significantly lightaverage weight for WT:
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2692 g for KO: 8.23 g,p=0.0L7 for effect of genotype using unpaired t test with
Minitab version 17 Figure4.3A). Asregards their performance on the rotarod, both
groups performed in a similar manner, indicating normal motoordmation and
balance Figure4.3B).

4.2.4 Effect of age on hanging wire and rotarod task

In order to examine if there is any deterioration of the deficit of théhhc9
KO mice in the hanging wire test with age or if there is any deficit in rotarod
performance with older mice, animals were tested on both tasks when they

were 8 weeks old and again B8 weeks old (n=10 KO, 12 WT).

A Weight

40

@ 30

£ 20

@ mWT

Z 10 *

mKO

0

8 weeks 16 weeks

Age

B Average time in the hanging wire

100

80
60
40 mWT
*
20 m KO
0

8 weeks 16 weeks

Time (s)

Age

Figure4.4 Effect of age on the hanging wire tasfd) Weight of Zdhhc9 KO and WT animals
before conducting the hangingire (n=10 KO, 12 WT) at 8 and 16 weeks of age; and (B)
average time spent on the hanging wire at 8 and 16 weeks of age; error bars show SEM.

Statistics were conducted using general linear model, repeated measures in SPSS version 22
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(p=0.045 for effect offenotype on weight and p<0.001 for effect of genotype on time spent

on the wire.

There was a significant effect of genotype on weightQ.045 however
close to nonsignificance) and on performance on the hanging wire (p<(0.001
using a gneral Inearmodel, repeated measures BPSS versi 22 Figured.4).
However, there was no effect of age on performance showing that there is no
deterioration or amelioration of the deficit of KO mice in thanging wire with

age Figure4.4B).

>

Weight

BEWT
m KO

8weeks 16 weeks

Weight (g)
Mo =] ] ] w w
[a] = (o)} co o N

Age

B Average time on the rotarod

400

2
2 200
£
= mWT
-
- I I -
0

8 weeks 16 weeks
Age

Figure4.5 Effect of age on rotarod performancéA) Weight of Zdhhc9 KO and WT ansnal
before conducting the rotarod (n=10 KO, 12 WT) at 8 and 16 weeks of age; and (B) time
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spent on the rotarod at 8 and 16 weeks of age; error bars show SEM. Statistics were
conducted using general linear model, repeated measures in SPSS versfpa@7for
effect of genotype on weight and p>0.05 for effect of genotype on time spent on the

rotarod).

Regarding the rotarod task, there was no effect of genotype on weight
(p=0.07, general linear model, repeated measures using SPSS versjoror22
performane indicating that the performance of the mice remained unchanged with

age and that there was no deficit Zldhhc9KOmice in thigest (Figure4.5).

4.2.5 Zdhhc9 KQmice exhibit normal locomotor activityin the open fietl test
but different thygmotactic behaviour during the habituation period

compared to WT mice

In order to assess the locomotor activity 2dhhc9 KOnice, the open field test
(OFT) was conducted in 14 KO @&@dWTadult mice. For this, the mice were placed
individually in the testing arena and their motion was recorded over a period of 15
minutes, which is the habituation period followed by a 30 mintgst period. The

results are presented in time bins of 5 minutes.
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A Distance moved in habituation

1000 =WT
m KO
0
1 2 3

Time bins
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N
o
o
o

Distance moved in test
2500

S 2000
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£ 1000 = WT
50 m KO
1 2 3 4 5 6

Time bins

m

Istanc

D
S

o

Figure4.6 Distance moved in open field test for Zdhhc9 KO and WT niistance moved

in habituation period (A) and in test period (B) (n=14 KO, 20 WT) are depicted; error bars
show SEM. &tistics were conducted using general linear model, repeated measures in
SPSS version 22 (p=0.073 for effect of genotype during habituation and p=0.105 for effect

of genotype during test period). Each time bin represents a period of 5 min.

There was naignificant difference in habituatiorfp=0.073)or test period
(p=0.105) in distance moved between the two groupen@yal Inear model,
repeated measures usin@PSS vemi 22), however there was a trend for

hyperactivity in the KO group thughout theexperiment Figure4.6).
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Velocity during habituation
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36 -]
e
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3]
= KO
2
0
1 2 3

Time bins

Figure4.7 Thygmotactic behaviour and velocity of Zdhhc9 KO and WT mice during the
habituation period of open field test.Time spent inriner zone of the open filed (A), time
spent in outer zone (B) and mean velocity during habituation (C) are shown (n=14 KO, 20
WT; error bars show SEM). Statistics were conducted using general linear model, repeated
measures in SPSS version 22 (p=0.03%ffiect of genotype in time spent in inner and
outer zones and p=0.073 for effect of genotype on velocity). Each time bin represents a

period of 5 min.

Although there was no significant difference in locomotor activity, there was
a difference in thygmotaat behaviour between KO and WT animals during the
habituation period with KO mice spending significantly more time in the inner zone
of the open field and subsequently less time near the walls of the open top box
(p=0.039for effect of genotype on time sp¢ in inner and outer @ane during
habituation, Figure4.7A,B). The velocity of the animals during this period was not
significantly different (p=0.073Figure4.7C). This esult possiblyindicates lower

anxiety levels of the KO mice during the habituation.

As regards the test period, there was no significant difference in time spent

in inner and outer zones or in velity of the twogroups Figure4.8).
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Figure4.8 Thygmotactic behaviour and velocity of Zdhhc9 KO and WT mice during the test
period of open field test.Time spent in inner zone of the open field (A), time spent it@iou

zone (B) and mean velocity during test (C) are shown (n=14 KO, 20 WT; error bars show
SEM). Statistics were conducted using general linear model, repeated measures in SPSS
version 22 (p>0.05 for effect of genotype in time spent in inner and outer zandsin

velocity). Each time bin represents a period of 5 min.

4.2.6 Zdhhc9 KQOnice exhibit reduced anxiety levels in the elevated plus maze

The performance of th&dhhc9 KQnmice in the habituation period of the
OFT suggested a possible change in anxiety leVel&xamine this further, the
14 KO and 20 WT adult male mice were subsequently testéekialevated plus
maze Figure 4.9). The time spent between open and closed arms of this

apparatus is used as a measureaakiety in rodents.
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Figure4.9 Performance of Zdhhc9 KO and WT mice in the elevated plus mAistance
moved (A), time spent in open arms (B), time spent in closed arms (C), time spent in final
third of open arms (D) and mean velocity during test (E) are shown (n=14 KO, 20 WT) ; error
bars show SEM. Statistics were conducted using unpaired t test in Minitab version 17 (p=
0.021 for effect of genotype on time spent in the open arms, p= 0.008 for effect of
genotype on time spent in closed arms and p= 0.011 for effect of genotype on time spent in

the final thirds of open arms).

Both groups moved a similar distance during the test period and had similar
velocity but they differed significantly in time spenttime open arms (p= 021),
closed armgp=0008) and final thirds of open arms (p£Q.1) suggesting that the
KO mice do indeed have lower anxiety levels than WT nfitatistics were

conducted using unpaired t test Minitab version 17.
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4.2.7 Zdhhc9 KOnice eibit reduced startle reactivity in the startle curve

Startle reactivity is a measure of the startle reflex but emotional and motor
components play a role in this respon&&rawley, 2005 It is interesting that startle
reactivity has been associated toxaety levels as anxiolytic drugs have been found
to reduce this respons@Nalker and Davis, 1997 oreover, childrerwith anxiety

disorder show increased startle reactiv(yakkeret al., 2009)

In order to assess startle reactivity in t@elhhc9 K@nimals, the startle curve
task was onducted in22 KO and24 WT animalghat were exposed to a range of
volumes and theirstartle reactivity was measuredas displacement of an

accelerometer attached to the restrainer.

Startle curve

mWT,
I I mKO
am i On ii I
65 69 73 77 85 90 100 110 120

Decibel (dB)

120
100

N B O
o o o o O

Startle reactivity (arbitrary
units)

Figure4.10 Startle reactivity of Zdhhc9 KO and WT mickhe startle response to a sound
at a range of levels (dB) was measured; error bars show SEM. Statistics were conducted
using general linear model, repeated measures in SPSS version 22 (n=22 WO, p=

0.001 for effect of genotype).

There was a significant effect of genotype in startle reactivity (p=0.001, general

linear model, repeated measures, SPSS versipn 22
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Figure4.10). The results indicate #t the Zdhhc9 KO animals begin to exhibit a
startle response at higher decibel levels (85dB and above) compared to WT animals
(77 dB), which is overall consistent with the lower anxiety levels of KO animals

indicated from the previous tasks.

4.2.8 Zdhhc9 KGOnice exhibitnormal pre-pulse inhibition

2 days after the startle curve task, the same aninfatls22 KO24 W1 were
tested in prepulse inhibition taskio assesssensorimotor gahg. This task also
provides asensitive neasure of hearing. Wimals were expad to 120dB startle
trials which were preceded with a range of gralses above the background level
of 65dB. The prpulse levels were 4, 8 and 16dB abdkie background level of
65dB (so 69, 73 and 81dB).

The results are presented as % of jpdse inhbition which is calculated as

startle reactivity at 120dB—startle reactivity at prepulse level

100 X —
startle reactivity at 120dB
Pre-pulse inhibition

- 80
9
2 60
=
£
v 40
= WT
=}
o3
£ 0

69 73 81

Pre-pulse level (dB)

Figure4.11 Analysis of prepulse inhibition of Zdhhc9 KO and WT middice received a
pre-pulse at the levels (dB) shown. Following this, the startle responsel20 dB sound

was measured. Results are presented as %pptse inhibition; error bars show SEM.
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Statistics were conducted using general linear model, repeated measures in SPSS version 22

(n=22 KO, 24 WT, p>0.05 for effect of genotype).

TheZdhhc9 KGnimals showed a similar pattern of ppailse inhibition to WT
animals indicating that they have normal sensorimotor gating and hearing ability

(Figure4.11).

4.2.9 zZdhhc9 KOnice exhibt a different pattern of spatial lerning in the Morris

water maze

The results presented thus far suggested tHathhc9 KQOmice have reduced
anxiety levels, lower grip strength and possibly also hyperactivity. Disruption of the
ZDHHC®ene in humans is associated with intellectual disgb{liD), and thus to
identify any learning and memory deficits in the mouse model (that may have
relevance to ID), 20 KO and 6T mice were tested in the Morris water maze. The
distance travelled and the time spent by WT and KO mice to find a submerged

platform in the water tank was measured over five consecutive days.
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Figure4.12 Performance of Zdhhc9 KO and WT mice ie tdorris water maze Distance

moved (A), latency (B) and mean velocity (C) during the 5 days of the experiment are shown
(n=20 KO, 26 WT) ; error bars show SEM. Statistics were conducted using general linear
model, repeated measures in SPSS version 22{p50dor effect of genotype on distance

moved and p=0.003 on latency).
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The KO mice displayed a different pattern of spatial learning shoaviegrning
deficiency Figure4.12). There was an overall effect of gegpe on distance moved
(p=0.005) and latency (duration to complete the task, p=0.003) but not in velocity

suggesting that the observed deficit is not related to swimming ability.

Following the water maze experiment, a probe trial took place in order tesass
reference memory on the same animals (20 R®,W1) where the platform was
removed and the time spent in the quadrant where the platform was versus the

opposite quadrant was measured.

A Time spent in quadrants (during
first 30 sec)
*

14

12
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6
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last 30 sec)
14 *
12
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o 3
E 6
'_
0 m KO
quadrant opposite
where quadrant

platform was
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Figure4.13 Performance of Zdhhc9 KO and WT mice in the probe trial of Morris water

maze.Time spent in quadrants during the first 30 seconds of the trial (A) and during the last
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30 seconds of the trial (B) are shoym=20 KO, 26 WT); error bars show SEM. Statistics
were conducted using general linear model, repeated measures in SPSS version 22 (p<0.001

for effect of quadrant during the first and last 30 seconds).

There was a significant effect of quadrant but not ggmpe on performance
indicating that both groups learned where the platform was by the end of the task
(general linear model, repeated measures, p<0.001 for effect of quadrant) as they
spent significantly more time in the quadrant where the platform wasrdythe 60

secords of theprobe trial Figure4.13).

After the probe trial, a visual cue test was conducted on the same animals
(20 KO, 26 WTih order to exclude the possibility of any motivation differences or
visual deficits. Both groups reached the platform in a similar time indicating that
Zdhhc9 KQnice were as motivated to complete the task as WT animals and they

were abk to see theplatform (Figure4.14).

Time to reach the platform

BWT

Time (s)

m KO

%3]

o]

Genotype

Figure4.14 Comparison of Zdhhc9 KO and wiltype mice in the visual cue trial of the
Morris Water Maze.Time spent to reach the visible platform for Zdhhc9 KO and WT mice
during the visal cue trial of Morris water maze; error bars show SEM. Statistics were
conducted using unpaired t test in Minitab version 17 (n=20 KO, 26 WT, p>0.05 for effect of
genotype).
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4.2.10 Zdhhc9 KQmice exhibt a different pattern of reversal learning irMorris

water maze

It was subsequently tested if changing the position of the platform (reversal
learning) led to a different response from WT and KO nfi8eKO and 16 WT mice
were tested in the Morris water maze, where the mice learned platform position
over an initia 5 days (as above) followed by a learning period in which the position

of the platform was moved.
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Figure4.15 Performarce of Zdhhc9 KO and WT mice in Morris water maze and reversal
learning test.Distance moved (A), latency (B) and mean velocity (C) during the 9 days of the
experiment are shown (n=13 KO, 16 WT); error bars show SEM. Statistics were conducted
using generalinear model, repeated measures in SPSS version 22. For the first 5 days:
p=0.024 for effect of genotype in latency, p=0.057 in distance moved and p>0.05 in velocity.
For the first 2 days of reversal learning: p=0.049 for effect of genotype in distancsdmov

p=0.026 for latency and p>0.05 in velocity.

For the first 5 days of the experiment there was an effect of genotype in
latency p=0.024 but not in distance moved (p=0.057, however close to significance)
or velocity (p=QL97) Figure4.15). Forthe first 2 days of the reversal learning there
was an effect of genotype in both distance moved (p=0.049) and latency (p=0.026)
without a difference in velocity between the two groups. On days 3 and 4 of the

reversal larning, the two groups hasimilarperformance Figure4.15).

At the end of the traditional task and before the reversal learning task
started, a probe trial was conducted on the same animals in order to assess
reference memory (13 KQL6 WT). There was a significant effect of quadrant

(p<0.001) but not genotype on performance indicating that both groups learned
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where the platform was by the end of the task (general linear model, repeated
measures) as they spengsificantly more time in the quadrant where the platform
was duringhe 60 seconds of the probigial (Figure4.16).

A Time spent in quadrants (during B Time spent in quadrants (during
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Figure4.16 Performance of Zdhhc9 KO and WT mim the probe trial of Morris water
maze.Time spent in quadrants during the first 30 seconds of the trial (A) and during the last
30 seconds of the trial (B) are shown (n=13 KO, 16 WT); error bars show SEM. Statistics
were conducted using general lineaodel, repeated measures in SPSS version 22 (p<0.001

for effect of quadrant during the first and last 30 seconds).

After the probe trialand before the reversal learning visual cue test was
also conducted on the same animals (13 KO, 16 WT) in ordeextdude the
possibility of any motivation differences visual deficiteand both groups reached
the platform on a similar time indicating that they were both motivated to complete

the taskand able to see thelatform (Figure4.17).
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Figure4.17 Comparison of Zdhhc9 KO and wiltype mice in the visual cue trial of the
Morris Water Maze.Time spent to reach the visible platform for Zdhh and WT mice
during the visual cue trial of Morris water maze; error bars show SEM. Statistics were

conducted using unpaired t test in Minitab version 17 (n=13 KO, 16 WT, p>0.05 for effect of
genotype).

At the end of thereversal learning taska probetrial was conducted on the
same animals in order to assess reference memory (13 KO, 16 WT). There was a
significant effect of quadranfp=0.0D) but not genotype on performanceuring
the first 30 seconds of the probe trimdicating that both groups leaed where the
platform was by the end of the task (general linear model, repeated measures) as
they spent significantly more time in the quadrant whehe platform was Figure
4.18A).

During the last 30 seconds thfe probe trial, there was no significant effect
of quadrant but genotype (p=0.043eneral linear model, repeated measures)
indicating that the animals not being able to find the platform, started looking for

the platform in other locations includindp¢ oppositequadrant Figure4.18B).
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Figure4.18 Performance of Zdhhc9 KO and WT mice in the probe triaMuafrris water

maze after reversal learningTime spent in quadrants during the first 30 seconds of the
trial (A) and during the last 30 seconds of the trial (B) are shown; error bars show SEM
(n=13 KO, 16 WT). Statistics were conducted using general lmedel, repeated

measures in SPSS version 22 (p=0.01 for effect of quadrant during the first 30 seconds and

p=0.043 for effect of genotype during the last 30 seconds).

After the probe trial of the reversal learning, a visual cue test was conducted
on the same animals (13 KO, 16 WT) in order to ensure that tlvezee no

motivation differences at this stage of the experimet any visual deficiteind
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both groups reached the platform on a similar time indicating that they were both

motivated to complete theéaskand able to see thelatform (Figure4.19).
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Figure4.19 Comparison of Zdhhc9 KO and wiliype mice in the visual cue trial of Morsi

water maze after reversal learningAverage time taken to reach the visible platform is
shown and error bars show SEM. Statistics were conducted using unpaired t test in Minitab
version 17 (n=13 KO, 16 WT, p>0.05 for effect of genotype).

4.2.11 Zdhhc9 KQOnice show normal working memoryn Morris water maze

In order to examine if thezdhhc9 KQanimals exhibit a deficit in working
memory, the working memory version of the Morris water maze was conducted in 7
KO and10 WTanimals after the traditional task. Durirthpe first 5 days of the
traditional task, there was an overall effect of genotype on distance moved
(p=0.033 but not on latency (p0.057 however close to significance) or velocity

(p=0.919 (Figure4.20).

125



A Distance moved

= \WT
200 _-i —— (o)

Distance (cm)
I
o
o

1 2 3 4 5

Experiment day

B Latency

0 e \WT

1 2 3 4 5

Experiment day

C Velocity

18
16

o
N

sl \\ T

Velocity (cm/s)
H
w»]

g )

O N B O

1 2 3 4 5
Experiment day

Figure 4.20 Performance of Zdhhc9 KO and WT mice in Morris water mdzistance
moved (A), latency (B) and mean velocity@ing the 5 days of the experiment are shown
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(n=7 KO, 10 WT); error bars show SEM. Statistics were conducted using general linear
model, repeated measures in SPSS version 22 (p=0.033 for effect of genotype on distance

moved, p=0.057 on latency and p=049on velocity).

At the end of the traditional task and before the working memory task
started, a probe trial was conducted on the same animals in order to assess
reference memory (7 KO0 WT). There was a significant effect of quadrant
(p<0.001) but na genotype on performance indicating that both groups learned
where the platform was by the end of the task (general linear model, repeated
measures) as they spent significantly more time in the quadrant where the platform

was duringhe 60 seconds of therobetrial (Figure4.21).
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Figure4.21 Performance of Zdhhc9 KO and WT mice in the probe trial of Morris water
maze.Time spent in quadrants during the first 88conds of the trial (A) and during the last
30 seconds of the trial (B) are shown (n=7 KO, 10 WT); error bars show SEM. Statistics were

conducted using general linear model, repeated measures in SPSS version 22 (p<0.001 for

effect of quadrant during théirst and last 30 seconds).

After the probe trial, a visual cue test was conducted on the same an(ihals
KO, 10 WTin order to ensure that therevere nomotivation differencesor visual

deficitsand both groups reached the platform a similar time idicating that they
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were both motivated to complete the tas&nd able to see thelatform (Figure
4.22).
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Figure4.22 Performance of Zdhhc9 KO and wiliype mice inthe visual cue trial of Morris

Water Maze.Average time spent to reach the visible platform is shown; error bars show
SEM. Statistics were conducted using unpaired t test in Minitab version 17 (n=7 KO, 10 WT,
p>0.05 for effect of genotype).

During the woking memory task which lasted for 3 dagsd assesses how
fast animals learn where the platform is within a day with the position of the
platform changing every daypoth groups performed in a similar manner indicating

that the KO mice daot have a spatieworking memory defici(Figure4.23).
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Figure 4.23 Performance of Zdhhc9 KO and WT mice during the working memory
experiment of Morriswater maze.The number of trials to reach criterion is shown for each
day of the experiment (n=7 KO, 10 WT); error bars show SEM. Statistics were conducted

using general linear model, repeated measures in SPSS version 22 (p>0.05 for effect of

genotype).

4.2.12 Zdhhc9 KQmice show normakociability and social novelty

In order to assess social interactions in #eghhc9KOmice, 14 KO and0 WT
mice were tested in the 3 chamber apparatus for sociability and social novelty
measuring the time each animal spent irethhamber where the stranger mouse 1
was putversusthe empty chamber and then in the chamber where the stranger
mouse 2 was pwersushe chamber with the stranger mouse 1. Both groups spent
similar time in the chamber where the stranger mouse 1 wasgatihg that the KO
mice show normal sociabilitFigure4.24A). Moreover, during the social novelty
session, both groups spent similar time in the chamber where the stranger mouse 1
and 2 was, with both groups stming a preference for stranger mouse 2 as
expected, indicating that the KO mice show normal behaviour during this task

(Figure4.24B).
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Figure4.24 Residence time of Zdhhc9 KO and wilgipe mice in zones of the sociability

and social novelty testsAverage time spent in different zones of the 3 chamber apparatus

for sociability (A) and social novelty (B) falhBc9 KO and WT mice; error bars show SEM.
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placed. Statistics were conducted usinghgel linear model, repeated measures in SPSS

version 22 (n=14 KO, 20 WT, p>0.05 for effect of genotype).

As regards the distance moved, both groups travelled similar distance during
the sociability (p=0.053, however close to significance) and socialtpgpe0.188)
part of the task (Figure 4.25A, B).Their velocity was also similar (p=0.059 for
sociability and p=0.17 for sociabvelty,Figure4.25C, D).
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Figure4.25 Distance moved and mean velocities for Zdhhc9 KO and WT mice in the 3
chamber apparatus for sociability and social noveltiverage distance moved during
sociability (A) and social novelty (B) part of the eipent are presented as well as mean
velocities during sociability (C) and social novelty (D) ; error bars show SEM. Statistics were
conducted using unpaired t test in Minitab version 17 (n=14 KO, 20 WT, p=0.053 for effect
of genotype on distance moved dog sociability and p=0.188 for effect of genotype on
distance moved during social novelty while p=0.059 for effect of genotype on velocity

during sociability and p=0.17 for effect of genotype on velocity during social novelty).

4.2.13 Zdhhc9 KQnice show normabkucrose and water intake

In order to assess iZdhhc9 KO animals experience any anhedonia, their
preference for sucrose solutiomersuswater was compared to the WT animals; 4
KO and 8 WT animals were studied for a period of 5 days. The sucrose and water
intake are presented as a percentage of the total body weight in order to exclude

the factor of possible intake differences based on badyght (Figure4.26).
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Figure4.26 Preference of Zdhhc9 KO and wiltype mice for sucrose and wateMVT (A)

and Zdhhc9 KO (B) mice preference for sucrose solution versus water was measured over a
period of 5 days. Resultseaexpressed as intake per body weight; error bars show SEM.
Statistics were conducted using general linear model, repeated measures in SPSS version 22
(n=4 KO, 8 WT, p=0.02 for effect of solution in WT group while p>0.05 for effect of solution
in KO grop).

A similar trend of preference for sucrosersuswater for both WT andO

groups wasnoticed figure4.26). There was a significant preference for sucrose
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versuswater for the WT group (p=0.020 for effect €blution, Figure4.26A). There

was a similar trend for sucrose preference in the KO group but this was not
statistically significant, possibly due to the small sangite (n= 4 for KO animals,
Figured.26B).

4.2.14 Zdhhc9 KOmice show normal learning and cognitive flexibility in the

pairwise discrimination task

In order to assess memory and cognitive flexibility that mainly involves the
prefrontal cortex, the pairwise discrimitian task was conducted in 12 KO and 12
WT mouse littermates. During the pairwise discriminationchscreentask, the
mice must learn that otwo visual stimuli, only one Bsssociated witha reward. The
trial is completed for 15 days and the mice aretéglseach day. Following this
period, the contingencies were then reversed to examine cognitive flexibility in the

animals.

Both experimental groups completed similar number of trials and correction
trials during the task and the reversi@aming part ofthe task Figure4.27A, B).
Moreover, both groups showed a similar pattern of correct responses during the
task indicating that the Zdhhc9 KO animals perform normally in this task which
mainly involves the prefromi cortex Figure 4.27C). The percentage of correct

responses does not include correction trials.
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Figure4.27 Performance of WT and Zdhhc9 KO mice in pairndsscrimination task and
reversal learning.Number of trials completed (A), correction trials completed (B) and

percentage of correct responses (C) are presented for a period of 30 daylayd6, the
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contingencies wereeversed. Error bars show SEM. 8tids were conducted using general

linear model, repeated measures in SPSS version 22 (n= 12 KO, 12 WT, p>0.05 for effect of
genotype).

4.2.15 Analysis of the performance aZdhhc9 KQnice in same paired ass@ted

learning (sPAL)

In order to further examine t& behaviour ofZdhhc9 KQnice in learning and
memory tasks, we used a variant of the pairwise discrimination task, sSPAL in which
rodents must learn and remember which of three objects goes in which of three
spatial locations. sPAL assesses visual mematynaw learning8 KO and 8 WT
adult male mice that were backcrossed for less than 6 generations were used for

this experiment.

No statistically significant effect of prior exposure to this task for either WT or
KO mce was observed for time to completeghask (latency)trials completed
number of correction trialor percentageof correctresponses Kigure4.28). This

suggests that the task is probably too complex to assess learning in mice.
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Figure4.28 Performance of WT and Zdhhc9 KO mice in sPAL faishe taken for mice to
complete the task (A), number of trials completed (B), number of correction trials
completed (C) and percentage of correct responses (B)pegsented over a period of 28
days; error bars show SEM. Statistics were conducted using general linear model, repeated

measures in SPSS version 22 (n= 8 KO, 8 WT, p>0.05 for effect of experiment day).

4.2.16 Zdhhc9 KQOmice complete more trials than the WT me but they have
similar correct responses to the WT animals in the Five Choice Serial

Reaction Time TaslbCSRTT

In order to assessisuospatial attention and motor impulsivjittO KO and 10

WT mice were trained in the 5CSRTT for a period of 45 days.

The5CSRTiWvas initially designed by Trevor Robbins and colleagues in the early
1980s as an analogue of the human continuous performance task. Because the
5CSRTT has separate measures of attention, impulsivity, and reaction times, it has
proven useful in thepre-clinical study of the treatment of diagnoses such as
attention-deficit/hyperactivity disorderand is also a precursor to moihe rodent

models of gamblingnd decisiormaking

The 5CSRT3 designed to allow mice to associate light with a reward after
nose poking the location where the light appearns.they do not noseoke the

correct location (hole), no reward is given.

Zdhhc9 KQnice completed significantly more trials during the experiment
compared to the WT animals (p<0.001 &fect of genoty) but the percentage of
correct responses did not différom the WT animals=jgure4.29).
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Figure4.29 Performance of WT and Zdhhc9 KO mice in the test periothefFive Choice

Serial Reaction Time Taskumber of trials completed (A) and percentage of correct
responses (B) are presented over a period of 42 days; error bars show SEM. The arrows
represent the days during which the difficulty was increasedeach ével increase
decreased the stimulus duration time further. Statistical analysis was conducted using
general linear model, repeated measures in SPSS version 22 (n=10 KO, 10 WT, p = 0.0001

for effect of genotype in trials completed and p>0.05 for effecgehotype in percentage
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4.2.17 Zdhhc9 KQmice react faster when responding correctly while they have
similar percentage of correct responses and they complete similar number

of trials to the WT mice in the final week of theCSRTT

During tre final week of th&sCSRT,Ta very short illumination period (0.8 s) was
used to assess the performance of the animals. During this difficult Zaislyc9KO
mice completed a similar number of trials and had similar percentage of correct
responses to the W anmals (n=10 KO, 10 WTigure4.30A, B). However, their
reaction time to a correct response was significantly lower indicating that the KO

mice react faster (p=0.02 for effect of genotyjpegure4.30C).
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Figure 4.30 Performance of WT and Zdhhc9 KO mice in the final segment of the Five
Choice Serial Reaction Time Tadkumber of trials completed (A), percentage of correct
responses (B) and correct response reaction time (C) are presented over the final week of
the experiment, during which the stimulus duration was 0.8 sec; error bars show SEM.
Statistical analysis was conducted using general linear model, repeated measuB®SS
version 22 (n=10 KO, 10 WT, p>0.05 for effect of genotype in trials completed and
percentage of correct responses while p=0.02 for effect of genotype in correct response

reaction time).
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4.2.18 Zdhhc9 KOmice register more beam breaks while they havensiar
number of premature responses to the WT mice in the final week of the

SCSRTT

Measuring premature responses allows an insight into impulsivity and whether
an animal is able to refrain from nospoking at random in hope of a reward. A
response would & considered premature when there has been a npske which

has come before a signal.

There was a low number of premature responses over the course of the five
daysof the final segment of 5CSRWith exception of the first day, however this
pattern wassimilar for both groups of mice and no significant effect of genotype

was seeroverall(Figure4.31A).

In order to investigate the activity of Zdhhc9 KO mice during the training period,
the number of beam breaks waxamined. Inside each testing chamber, two beams
register the movement of the animal; one placed at the front of the chamber near
the nosepoke holes and another one on the opposite side next to the reward
hopper. Each time the mouse passes through tearh, a beam break is registered.
Zdhhc9 KO mice registered a higher number of beam breaks than the WT mice
(p=0.001 for effect of genotypeFigure 4.31B) during the final week of the

experiment.
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Figure4.31 Number of pemature responses (A) and beam breaks (B) of WT and Zdhhc9

KO mice in the final segment of the Five Choice Serial Reaction Time Daskg the final

week of the experiment, the stimulus duration /8.8 sec. Error bars show SEM. Statistical
analysis was conducted using general linear model, repeated measures in SPSS version 22
(n=10 KO, 10 WT, p>0.05 for effect of genotype in number of premature responses while

p=0.001 for effect of genotype in nurabof beam breaks registered).

4.2.19 Zdhhc9 KOmice have decreased volume of corpus callosum but not of

hippocampus

In order to examine if th&dhhc9 K@nice exhibit shrinkage of corpus callosum,
similarly to patients with mutations in this ger{8akeret al, 2015) ex vivoMRI
scanning of 3 KO and 3 WT mouse brains was performed. The hippocampus was

also examined due to the importance of this brain structure for learramg
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memory and for successful completion of the Morris Water Maze task in which

Zdhhc9 K@nice were shown to have a deficit.

Coronal, transverselane and sagittaimages Figure4.32, Figure4.33, Figure
4.34 respectively) showed a reduced corpus callosum area in KO mouse brain while

no differences were observed in area of hippocampus between WT and KO mice.
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Figure4.32 Coronal images from WT (A) and KO (B) mouse brains after ex vivo MRI scan
in a 9.4 Tesla magnethe yellow arrowheads point at corpus callosum while the light blue
arrowheads point at the hippocampi.
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Figure4.33 Transverse plane images from WT (A) and KO (B) mouse brains after ex vivo
MRI scan in a 9.4 Tesla magné&te yellow arrowheads point at corpus callosum while the
light blue arrowheads point at the hippoagi. The light blue asterisks also depict the area

of hippocampi (light area enclosed by the corpus callosum).
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Figure4.34 Sagittal images from WT (A) and KO (B) mouse brains after ex vivo MRI scan in
a 9.4 Tesla magnetThe yellow arrowheads point at corpus callosum while the light blue

arrowheads point at the hippocampus.
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To further investigate the reduction in corpus callosum area and to confirm that
the hippocampus remains unaffected, 3D wholaih reconstruction Figure4.35)
and volumetric quantification ofntese brain regionsH{gure4.36) were conducted

using Amira software.
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Figure 4.35 3D reconstruction of a WT (A) and KO (B) mouse brain using Amira 6.01

software after ex vivo MRI scai/olumetric analysis was conducted for hippocampus (dark
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blue in panel A and turquoise in panel B), corpus callosum (greesmiel p. and orange in

panel B) and whole brain (light purple in both panels).

Volumetric analysis of regions of interest was performed with or without
normalisation against the whole brain volume in order to examine if normalisation
had an impact on theesult. Analysis without normalisation indicated that the KO
animals showed an average 35% reduction in the total volume of corpus callosum
but not in hippocampugFigure4.36A). This reduction was statistically rafgcant

(average volume 8.5 mhfior KO and 13.2 m#for WT, unpaired t test, p=0.017).
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Figure4.36 Box and whiskers graphs showing the various dgioints for the volume of
corpus callosum and hippocampus made using GraphPad Prigtaiel A shows volumes
without normalisation while panel B shows volumes normalised against the total volume of
each brain. The whiskers indicate the maximum and minindata points while the thick
horizontal line indicates the median. Statistics were conducted using an unpafesd t
(n=3 WT, 3 KO).

Analysis with normalisation against the total brain volume of each sample
showed similar results with the analysis withawormalisation. KO animals showed
an average 3% reduction in the total volume of corpgallosum Figure4.36 B) but
not in higpocampus This reduction was statistically significant (unpaired t test,
p=0.008).

4.3 Discussion

This chapter describes the first behavioural characterizatiaaddihc9 K@nice.
The KO mice have been subjected to a variety of behavioural tasks in order to test
motor coordination and balance, locomotor activity and anxiety, sensorimotor

gating, anhedonia, sociability and social novelty, learning and memory and
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visuospatial attention. In most of the behavioural tasks conducZelihhc9 K@nice
showed similar performance to their WT littermates. However, there were some

important deficits notedn some tests that are worthy of further discussion.

Zdhhc9 KQnice show altered visual acuity in the visual placing test, which is
manifested by an early extension of their paws before they reach a surface.
However, the KO mice did not exhibit any diffeces in some tests that heavily rely
on the visual system such as the visual cue trial of the Morris water maze and all the
stages of the pairwise discrimination task and the paired associated learning task. A
diminished visual placing refleewd imply etinal degeneratior{Rogers et al., 1999)
therefore an increased visual placing reflex as in the cagaliofic9 KOnice could

imply higher visual acuity.

Moreover the KO mice show lower grip strength in the hanging wire, reduced
anxiety levels in the eleted plus maze and in the habituation of the OFT and
reduced startle reactivity in the startle curve. Moreover, they show a deficit in
spatial learning and a reversal learning deficit in the Morris water maze (MWM). In
the 5CSRTT, they work harder compigtimore trials than the WT animals while
achieving similar percentage of correct responses. They also have shorter correct
reaction time and show hyperactivity registering more beam breaks in the final part

of the 5CSRTT when the stimulus duration is saoyt.

Some of thoseinteresting behavioural deficits are present in other well
characterised murine models of ID such as Dewmdrome Fragile X syndrome and

Rett syndrome as it will be discussed in this section.
Hypotonia in Zdhhc9 KO mice and other amal models or humanisorders

Lower grip strength of theZdhhc9 KOmice in the hanging wire possibly
indicates lypotonia A motor coordination or balance deficit could be excluded
based on the fact that the KO mice perform normally on the rotarod. Moredher

KO mice have normal swimming ability based on their velocity in the MWM. Their
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velocity in the OFT is also similar to their WT littermates with a trend of KO mice
being slightly faster so this excludes a motor deficit. In addition, the KO micedend t

be lighter than their WT littermates so this gives them an advantage in the hanging
wire task however their performance indicates the opposite. This result could be

explained by deficit at the neuromuscular junction.

Hypotonia is defined as low muscutane and is a characteristic noted in other
mouse models of brain dysfunction as well as human conditions including patients

with ZDHHCé@nutations as it will be discussed.

KO micefor Ptchdl (Patched Domain Containing $how hypotonia in the
hanging wie but normal motor coordination on the rotarod similar to t@elhhc9
KO mice (Wells et al. 2016) PTCHD1is located on the long arm ofhe X
chromosome and is mutated in about 1% of all patients with Autism Spectrum
Disorders (ASD) and I@Vells et al, 2016) The encoded protein is similar to
Drosophila proteinsthat act as receptors for the morphogen sonic hedgehog.
PTCHDI1s required for the development and function of the thalamic cediar
nucleus (TRN)a group of GABAergic neurons that regulate thalamocortical
transmisson, sleep rhythmssensorimotor processing arattention. Patientswith
Attention Deficit Hyperactivity Disorder (ADHD) and ID caused by deletion of
PTCHDalso suffer from hypotoniéChaudhryet al., 2015)

Hypotonia is a core characteristic of Dowm&ypme (DS)the most common
genetic cause of ID.ower grip forcehas been describeth a mouse model foDS
(Costaet al, 1999)resembling the muscular hypotonia found in patients with DS
(Roizen, 2001; Scorza & Cavalheiro, 20D¥)RK1Aocated on 21 chromosome, is
the human homologe of Drosophila minibrain gene, ovexpressed in DS fetal
brain. It encodes aserinethreonine kinase, probably invadd in neuroblast
proliferation. Tansgenic miceoverexpressingdyrk1Aexhibited hypotonia in the

coathanger test(Altafajet al., 2001)
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Rett syndrome, an -Knked neurodevelopmental disorder that affects migst
women is characterized by regression of language and hand use, ID and seizures
among othersymptoms. Most of the cases occur due to mutations MECP2
(Methyl-CpG Binding Protein .2ln a mouse model of the disease, where Mecp2 is
produced at50% of theWT level,male mice show hypotonia in the hanging wire
(Samaceet al, 2008) Hypotoniahas also been described in patients wRMECP2
mutationsor duplicationgHeilstedtet al., 2002 Friez efal., 2006)

Hypotonia is also present in patients witbHHC%nutations (Raymond et al.,
2007 MasurelPaulet et al., 2014Han et al., 2017possibly indicating that the
Zdhhc9 KOmouse could serve as a model of the human condition. Moreover,
hypotonia has been described in a patient with lossZBiHHC1®xpression and

severe ID due to a balanced chromosomal translocafidansouriet al., 2005)

Generalized hypotonia is among the characteristichefltujanFryns syndrome
(LJSWhich affects predominately males and is accompanied by mild to moderate 1D
with behavioural abnormaies, that couldinclude emotional instability or even
psychotic digirbances(Van Buggenhout and Fryns, 200Bpatients with LJS have
also Marfanoid Habitus (long, hyperlax fingers and toestall stature,
dolichostenomelia) like some patients withDHHC9nutations along with facial
dysmophism (prominent forehead contrasting with lang, narrow face)(Van
Buggenhout and Fryn2006) Mutations inMED12(Mediator Complex Subunit }2
cause this syndromgchwart et al., 2007)

Muscular hypotonia has also been found in male patients with Fragile X
syndrome which is the most common inherited form of NDefegge& Froster
Iskenius,1989). Patients with Fragile X syndrome lack FMRiepralue to silencing
of FMRL gene causethy amplification of a CGG repeat and subsequent metioyla

of the gene promotefBakker et al., 1994)
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Hypotonia has also been described in patients with mutations in genes such as
EEF1AZEukaryotic elongation factor 1, alpty, TUBB3Tubulin Beta 3 Class)]ll
STXBP{Syntaxirbinding proten 1, also known as MunciB and ARID1BATRich
Interaction Domain 1B)Neonatal hypotonia has been described in patients with
EEF1A2nutations that also have |Dautistic behaviours and epilepgiakajimaet
al., 2015) EEF1A2s highly expressed in the central nervous systeml eEF1A2
protein is involved in protein synthesis, suppression of apoptosis, and regulation of
actin function and cytoskeletal structur@akajimaet al, 2015) Mutations in the
TUBB3result in malformation of cortical development and neuronal migration
defectswith the patients exhibiting axial hypotoni@oirieret al., 2010) De novo
STXBPinutations have been found in patients with hypotonia, severe ID amat n
syndromic e@ilepsy (Hamdanet al, 2009) STXBPIplays a role in release of
neurotransmitters via regulation of syntaxjRevsneeet al., 1994) Last but not least,
hypotonia along with arpus callosum abnorntifies, ID, speech impairment, and
autism have been describeid patients with haploinsufficiency oARID1Bwhich
encodes for a component of the SWI/SNF chromegimodellingcomplex(Halgren

et al, 2012)

Reduced anxiety leveland startle reactivityin Zdhhc9 KO mice and other animal

models

Zdhhc9 KQnice exhibitreduced anxietylevels in the EPM spending more
time in the open arms compared to the WT animals. Moreover, they show reduced
anxiety in the habituation period of the OFT based on their lower thigmotaxis. They
also showreduced startle reactivity in the startle curve which could also be

explained by reduced anxiety.

The acoustic startle reflex is based on the observation that animals flinch
immediately following a sudden stimulus such as a loud noise, and this test can be

usedas abehavioual tool to asses brain mechanisms of sensoator integration.
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The startle response itself is mediated by neurons in the lower brainstem, whereas

prepulse inhibition is dependent on a macemplex forebrain circuitrygKoch, 1999)

Children with anxiety disorders show an increased acoustic startle reflex
(Bakker et al., 2009)In accordance with that, in rats the amplitude of acoustic
startle can be decreased by anxiolytic dri@tlker and Davis, 199%howing a link
between anxiety and startle reactivity. The amygdala is a brain formation that is
responsible for processing emotional reactions such as anxiety an{dasis, 2006)

and these results suggest it could be possibly &by the KO oZdhhc9

Fmr:KO mice show reduced anxiety indicated by reduced thygmotaxis in
the OFT and in the ligitark exploration tes{Peieret al, 2000)as well as reduced
startle reactivity in high decibel levels (120 dB) of white n@\ielsenet al, 2002)
Another mouse model of Fragilesgndrome,micethat have thel304Nmutation in
Fmrlshow decreased anxiety in OFT and decreased acoustic startle reqZ@amge
et al., 2009) The reduced anxiety of the mouse model may appear as contradictory
compared to the anxiety presented by FXS patients but it is important to note that
LI A Sy G &Q Irig pradSniimatelyRobser@eirs&ial settinggHagerman
and Hagerman, 2002¢DHHC®atients showed significantly stronger social and
practical skills compared to antldked ID control groufgBakeret al, 2015) This
comes in accordance with the sociability and social novelty experiment we

conducted with the KO mice performing similar to WT.

In a mouse model dRett syndromenvhere Mecp?2 is producedt 50% of the
WT level, male mice show decreased anxiety in the (S&faccet al, 2008) As
regards Down syndrome modelsahsgenic miceverexpressindyrklAexhibited
reduced anxiety in the OFT and ERMtafaj et al, 2001) In another DS model,
Ts65Dn mice (partially trisomic) show redueatkiety in the EPNEscorihuelat al,
1998)
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ILLIRAPLTIL-1 receptor accessory proteiike 1) KO mice showeduced
openspace and height anxiety in the OFT and &dl like theZdhhc9 KOnice
(Yasumuraet al, 2014) ILIRAPLIE responsible for nosyndromic IDjs essociated
with autism andmediates excatory synapse formation throughnteraction with

presynaptic preein tyrosine phosphatase (PTPR)

Finally, TLR (Tollike receptor) 3-deficient mice demonstrate decreased
anxietyin the OFT and EPDkunet al., 2010) TLRsare innate immue receptors
that have emerged as regulators oheuronal survival and develapental

neuroplasticity(Okunet al., 2010)
Hyperactivityin Zdhhc9 KO mice and other animal models or human conditions

The attribute of hyperactivity iZdhhc9 K@nice was significantly noticed in

the 5CSRTTBased on the number of beam breaks registered, the KO mice show
hyperlocomotion, breaking the beams almost twice as much as the WT animals to
achieve the same result. The KO mice also complete significantly more trials during
the training phase ofthe SCSRTT and the percentage of correct responses for both
animal groups is very similar. This could be an explanation about the trend of lower
body weight for the KO animals, they work more completing more trials and they
move more registering more beabreaks so they consume more energy and they

tend to be lighter.

As regards the correct response time during the final phase of the 5CSRTT,
the KO animals react faster having better performance than their WT counterparts
which can be attributed to hyperaiwity noted in this test that fits with the trend of
hyperactivity noted in the OFT.

ZDHHC%atients have impaired inhibitory control whilst completing visual
attention tasks(Bakeret al., 2015)having fewer omissions and higher commissions
than the Xlinked ID control group. In a go/rgo task where inhibitory responses

Oly 06S (GSaitSRXI GKS %511/ ¢ 3INPRdIzLI LISNF 2 NX¥ S
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stimuli. This response is of great interest and may explain whyttdnc9 KGnice

have deficit in tasks that involve many visual cues such as the MWM as it will be
discussed. Moreover, this calleven explain why the KO animals register more
beam breaks. In a novel environment, they may be unable to concentrate on the

task due to other visual cues.

Fmr:KO mice also show hyperactivity the two chambered lightlark
transition testand in the OF (Bakker et al., 1994; Peier et al., 208neur et al,
2002; Spenceet al,, 2005). Another mouse model of Fragiles}{ndrome,micethat
have the I304N mutation in Fmrl show hyperactivity and higher exploratory
behaviour in the OF(Nielsenet al, 2002; Zanget al, 2009) As regards Down
syndrome, tansgenic miceoverexpressingdyrklAexhibited mild hyperactivity in
the OFT{Altafaj et al, 2001) Zdhhc17KO mice also show hyperactivity in the OFT
when tested in the darkSingarajat al., 2011)

Moreover, PTCHDKO miceshow hyperactivity in the ORWellset al., 2016)
and ILLRAPLKO mice show hyperactivity in a variety of tasks including OFT
(Yasumurat al., 2014)

Spatial learningand reversal learningleficit in Zdhhc9 K@nice and other animal

models

Zdhhc9 KOnice also show a deficit in spatial learning in MWM indicating a
hippocampal deficit.Aberrations in spatial learning are generally attribaditéo
hippocampal defect§Logueet al., Wehner, 1997) Changes in hippocampus can
affect the amygdala based on the fact that the two brain regions receive and send
information to each other(Bastet al, 2001) Moreover,Zdhhc9 KQmice have a
deficit in the reversal learning of the MWMhe KO micalo not seem to be
impared in the rerieval of spatiainformation in training and reversal trials once

this information has been learned, but they amgnificantly impaired in the
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acquisition of theinitial andreversal task. This does thappear to be causk by
impaiment in their ability to change their nonspatial information scheme, since
there wasno difference between KO and WTthe visible condition of the task. The
latter also suggests that the increased latencKa@f animalsn the hidden platform
condition is not caused by some underlying motivational, motor, or sensory deficit.
Hence, the observed impairment appears to be limited to the spatial abilities of the
mouse. This might be connected to theend of hyperactivity and increased
exploratory behaviour that might be responsible for excessive early search

behaviouror interfering ntertrial hyperactivity.

The reversal learning deficit could indicate that the KO animals have
impaired cognitive flexibility. The reversal learnirgguires that theanimal does
not perseverein choosing the wrong solution and adapts to the new tasH this
attribute has beengenerallyascribed to the correcfunctioning of the prefrontal
cortex Eichenbaunet al., 1983 Abel & Lattal, 2001; Murray et al., 201%)owever
when the KO mice were tested in the pairwise discrimination touchscreen task,
their performance in the reversal learning was similar to the WT animals. This
indicates a deficit that is specific to the MWM task rather than a general cognitive
flexibility deficit. The KO mice have difficulty in orientating themselves based on the

extra maze cues.

FmrkKO mice also show a reversal learning deficit in M{Bskker et al.,
1994) Interestingly this impairment in the reversal learning is not accompanied by
deficit in probe or visual cue trialBakker et al., 1994yhich is similar to the
behavioural deficit found iZchhc9 KOmice. Another study found similar deficit in
reversal learning for theFmriKO mice 6 5 Q1 2e2 AlS 1997) indicating

perseveance which is also present in autism patie(Bernardet and Crusio, 2006)

In a modé of DS whererainsgenic micare overexpressin@yrk1lA some
deficits in the MWM were observed. The miearned to reach the platform during

acqusition, but the learning curve wasignificantly differentfrom the WT mice
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(Altafaj et al., 2001) similar to the learning curve adhhc9 KOnice. WT animals
acquired this task faster thabyrk1lAtransgenic micewhich showed significantly
longer escape latencies in the first acquisits@ssions just like thedhit9 KO mice.

In the reverse platform testDyrk1Atransgenic micavere poor in learning the ew
location of the platform Moreover, they persisted in searching in the wrong

qguadrant, indicating a paccognitive flexibility(Altafajet al, 2001)

In another DS model, Ts65Dn mice (partially trisomic) show deficit in spatial
learning in MWM(Escorihuelat al, 1998) A third DS mouse modelith a smaller
partial trisomy, theTs1Cjanouse shows a spatial le@ng deficit in the MWM and

deficit in cognitive flexibility in reversal learning of the M\W#§ageet al.,, 1998)

In the zDHHC family of protein adsdnsferases, except for zDHHC9 two
other members have been implicated in playing a role in learning and memory
processes in mice; zDHHC17 and zDHHC5. zBHHG14 A YLX A Ol SR A Y
disease withZdhhc17KO mice showing impaired hippocamyoi@pendent memory
in a spatial test ofnovel object bcation memory(Milnerwood et al, 2013)
Moreover mce homozygousor a hypomorphic allele aEDHHC5are born at half
the expected rate, and survivors show a marked deficit in contextual fear
conditioning, an indicator of defective hippocamyupendent learningLi et al,
2010) ZDHHC5 is highly enriched in pashaptic ensity and
coimmunoprecipitates withpost-synaptt density proteifd5 (PSD9), andZDHHC5
is expressed in the CA3 and dentate gytisippocanpus(Liet al,, 2010)

Deficiency in synaptic proteins and regulators of neuroplasticity can cause
behavioural characteristics similar the ones presented irZdhhc9 KQanimals.
ILARAPLKO mice have mildly impairespatial reference and working memories
and decreased spine densifyyasumuraet al., 2014) Mitogen-activated protein
kinase phospatase(MKB-2 KO mice have impaired spatial learning in the MWM
showing thatMKR2 plays a role in regulating hippocampal funct{®ahman et al.,

2016) In the reversal testof MWM, heterozygousRic-8 mutant mice exhibited
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significant delay to findhte hidden platform compared to Wiktermates (TGnissoo
et al, 2006) Ric8 is a guanine nucleotide exchangetéacfor a subset of G
proteins and isexpressed in regions involved in the regulation of behaviour

(neocortex, cingulate etex and hippocampus).

Most patients withZDHHC9nutations have mild to moderate rather than
severe |IDBakeret al, 2015) If the ID is presented as a mild/moderate impairment
then simple learning and memory tasks may not be challenging enough to create a
significant difference between KO and WT mice. Our data shaivttie KO mice
are not severely impaired in learning and memory tasks, resembling the human

phenotype.

Learning, memonand behaviour are complex peesses involving different
brain regions and many specific proteins. Targeted disoaptif specific genes a
powerful tool in the elucidation of the specific role of these genesbnain
functioning. The KO model fa@dhhc9resented here is a potentially valid model to
provide insight into the physiological function otDHHC@nd the pathophysiology
of zDHHC9 dysfunction in humans, as the genetically modified mice show
abnormalities comarable to humarZzDHHC®atients such as hypotonia and mild
to moderate ID Therefore, these mutant mice offer a good animaidel to study
the mechaisms leading tdiypotonia and ID Furthermoe, experimental designs
can be made to introducezdhhc9into the KO micein a first step towards gene
therapy for humans with dysfunctional zDHHC9. Moreover, delineating the
mechanism that is responsible for z-DHHC9 dysfunction cantéeadstep towards

understanding of other disorders that share ID as common characteristic.

The behaviouralexperimental data suggest that knockout Afélhhc9disturbs
processeghat involve the hippocampus, the amygdala and the prefrontal cortex
Disruptin of corpus callosum cannot be excluded Zghhc9is normally highly
expressed in this region and disruption of corpus callosum function could affect the

interhemispheric communicatiofLuders et aJ.2010)
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Interpretation of MRI analysis

MRI data suggested thaZdhhc9 KOmice exhibit shrinkage of corpus
callosum which is the biggest v matter tract in the human brain(Luders et aJ.
2010) Volumetric reduction ofthis area could be explained by reduced white
matter in the KO mouse brain. Diffusion tensor imaging would be interesting to
further investigate this hypothesis. This imaging technique is useful when white
matter tracts need to be studied as it can estimdheir location, orientation and

anisotropy(Alexander et al., 2007)

Baker et al., (2015) described that a consistent finding for patients with
ZDHHC9%nutationswas shrinkage of corpus callosum, with its cresstional area
being reduced by 52% iBDHHC®atients compared to people with-kked ID
which served as control for the study (n= 7 patients, 7 controls). Our findings
correlate with the patient data indating thatZdhhc9 K@nice can serve as a model

of the human condition.

Hippocampal volume was also examined in our study due to the importance
of this brain region for learning and memory and based on our behavioural results
showing that the KO mice havmpaired spatial learning in the Morris water maze.
Hippocampal volume was not impaired in KO mice. Interestingly, hippocampal
volume reduction has not been found in ZDHHC9 patients, in accordance with the
data from the KO mice. Thus, changes in hippgeairdependent function might be
linked to changes in neuronal connectivity, as changes in dendritic spine number or
morphology in the hippocampus has been reported in other ID mouse m@detsy,
2003; lwase et al., 2016)

Corpis callosum abnormalities have been described in a variety of
syndromes and genetic disorders. Children with Down Syndrome have reduced
volume of corpus callosum compared to healthy contr@gainbeyet al, 2017)

Thinning of corpus callosum has also been described as a consistent finding in
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adolescents with intellectual disabilitySpencer et al., 2005)Another study
concluded that adults with ID skoabnormal white matter integrity(Yu et al,
2008) Moreover, hypoplasia of corpus calon has been described in ADHD and
autism(Paul, 2011)

Last but not least, decreased white matter volume has been found by MRI in
Zdhhc17KO mice that is not caused by changes in astrocyte or microglial cell

numbers but by neuronal cell lo§Singarajat al., 2011)

Further investigation is needed in ordeo tdelineate what causes the
shrinkage of corpus callosum #dhhc9 KQnice, in order to help us understand
better the role of zDHHC9 enzyme in brain function. Based on our behavioural and
neuroanatomical dataZzdhhc9 KOnouse can be a valuable model of theman

condition.
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CHAPTER 5

5 Biochemical and proteomic investigation of the effect of Zdhhc9

KOin mouse brain
5.1 Introduction

Results of the previous chapteuncoveredimportant behavioural deficits in
Zdhhc9 KOnice as well as shrinkage of corpus callostimshed light on how these
behavioural and anatomical changes might occur, it is important to investigate
underlying molecular changes in tlz@lhhc9 KOnice. Although previous work has
suggested that Hand N Ras may be major targets of zDHHC9 (Swattleoual.,
2005;Chaiet al.,2013) there is currently no evidence that pabmylation of these
proteins is perturbed in the brain &dhhc9 KQOnice andit is alsolikely that other
substrates of this enzyme exjsvhich may contribute to the changes observed in

the previous chapter.

ThezDHHC9 enzyenhas previously been shown te loocalised to the somatic
Golgi apparatus in hippocampal neurofhevyet al, 2011) This localisation would
allow access of the enzyme to both prnd postsynaptic proteins, suggesting that
zDHHC9 could palmitoylate proteins targeted to either of these locations.
Prominent palmitoylated presynaptic proteins include Cystetrieng protein,
Synaptotagmin, Synapiboevins and Snap25, while key palmitoylated postsynaptic
proteins include GluR1 and GIluR2 subunits of AMPA receptors, the NR2b subunit of
NMDA receptors and PSD@=ukata and Fukata, 2010)

It is likely that KO oZdhhc9causes dysregulation of palmit@gyion in neurons.
However, this does not rule out the possibility of thtBHHC®nzyme also having
important functions in other molecular mechanisms that are not related to

palmitoylation per se Such palmitoylatioindependent protein interactions have
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been reported for other enzyme isoforms, including zDHHC13 and zDHM&i1g
& Cynader, 2031 emonidiset al.,2014)

A useful strategy for the identification of dysregulated protein palmitoylation is
isolation of palmitoylated proteins by approaches such as-R&Z and subsequent
analysis of proteins of interest by immunoblotting. Moreover, untargeted strategies
Oty Ita2 06S dzzaSR &4dzOK Fa WLIfYAlz2et2YA0a
proteins and their subsequent analysis by Mass Spectrometry (MS). Validation of
omics appoaches is always desirable in order to eliminate any false positive results

which may occur from untargeted approach@&e Biret al,, 2014)

In this chapter, protein expression and palmitoylation changes in synaptic
proteins was investigated by isolation of the palmitoylome from WT Zatidhc9 KO
mouse brain and subsequent immunoblotting and MS analyses. The aim was to
identify proteins with perturbed palmitoylation that might underlie the neurological
deficits inZdhhc9 Knice.

5.2 Results

5.2.1 HRas and MNRas protein levels are not affected in wlke brain

homogenates oZdhhc9 KQOnice.

As HRas and MRas are known substrates of the zDHHC9 enzyme, it was
important to examine their protein levels in whole brain homogenates (n=3 KO, 3
WT). Band intensities on Western blots were quantified for thegins of interest.

I -actin was used as a loading control and was also included in quantification for
normalisation of the band intensity of the protein of interest. There was a trend
towards a decrease of-Ra in KO mousérains Figure5.1) but this was not

statistically significant (2 sampleédst).
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Figure 5.1 Quantification of HRas protein level in brain homogenatedVhole brain
homogenates (13>g) were resolved by SBBAGE andransferred to nitrocellulose, and
subsequently probed withi-actin and HRas antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right panel shows quantified data from 3 &@ 3 WT mouse whole brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in {Ras expression between WT and KO samples (p>0.05).

As regards NRas protein level, there was also no significdifterence in

immunoreactive band intensity betves WT and K@amples [Figureb.2).
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Figure 5.2 Quantification of NRas protein level in brain homogenatedVhole lrain
homogenates (43>g) were resolved by SBBAGE and transferred to nitrocellulose, and
subsequently probed withi -actin and NRas antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the bar graphs on the right show quantified data from 3 KO and 3 WT mouse
whole brain homogenates). Statistical analysis using an unpatest tndicated that there

was no significant difference in-Ras expression between WT and KO sampleshier t

upper and lower band (p>0.05).

5.2.2 H-Ras and NRas levels in membrane fractions are not affected in whole

brain homogenates oZdhhc9 KQOnice.

As HRas and MRas palmitoylation mediates stable membrane association, it
was important to study the levels dfibse proteins in membrane fractions from WT
and KO mouse brains (n=3 KO, 3 WT). As positive controls to show successful cell
fractionation, the samples were probed with antibodies against Syntaxin, which is
exclusively membranassociated (Bennett et al, 1993) and GAPDH which is
predominartly cytosolic (Tristan et al., 2011) The Syntaxin and GAPDH
immunoblots in Figure 5.3 show that the fractionation procedure used successfully
isolated samples enriched in membrane and cytosolic proteindgasl was

predominantly found in the membrane fraction, slari to Syntaxin. For
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quantification of western blot band intensities, the membrane fraction band
intensities were expressed as a percentage of total protein (membrane and
cytosolic fractions band intensities). There was no significant differenceRasH
levek in membrane fractions from WT and KO mice0(p7, 2 sample-test, Figure

5.3).
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Figure 5.3 Quantification of HRas protein level in membrane fractions fromrdin
homogenates.Membrane fractions from whole brain homogenates ) were resolved

by SDSPAGE and transferred to nitrocellulose, and subsequently probed with GAPDH,
Syntaxin and HRas antibodies. The left panel shows representative western blots (position
of molecular weight markers is shown on the left), whereas tlghtr panel shows
guantified data from 3 KO and 3 WT membrane fractions. Statistical analysis using an
unpaired ttest indicated that there was no significant difference iARBls expression

between WT and KO samples (p>0.05). M: membrane fraction, C: bgtivaotion.

N-Ras only has one palmitoylation site in contrast to the two sites-iRab]
and NRas also displays a more rapid turnover of palmitoylatddagee et al., 1987)
As a result, BRas is alstound in the cytosolic fractionKigure5.4). Quantification
of the membrane association of-Ras in WT and KO samples also revealed no

significant differencéFigure5.4).
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Figure 5.4 Quantification of NRas protein level in membrane fractions from brain
homogenates.Membrane fractions from whole brain homogenates (&) were resolved

by SD$AGEand transferred to nitrocellulose, and subsequently probed with GAPDH,
Syntaxin and MRas antibodies. The left panel shows representative western blots (position
of molecular weight markers is shown on the left), whereas the right panel shows
quantified ddaa from 3 KO and 3 WT membmafractions. Quantification wasonducted for
upper and lower band of fRas. Statistical analysis using an unpaireebt indicated that
there was no significant difference in-Rbhs expression between WT and KO samples

(p>0.05. M: membrane fraction, C: cytosolic fraction.

5.2.3 H-Ras palmitoylation is not affected in whole brain or hippocampus of

Zdhhc9 KQnice.

Palmitoylation mediates membrane association eRls and HRas(Hancock et
al., 1989)and thus the results in Figures 5.3 and 5.4 imply that palmitoylation of
these proteins is likely to be unaffected in KO mide test this directly,
palmitoylated proteins were isolated by AGYAC of whole brain and hippocampi of
WT and KO mice (n=3 WT, 3 KO). Isolated hippocampi were included in this analysis

as a deficit in hippocampdalependent learning and memory was prevsly
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recorded in the Morris water maze (see Chapter 4). Immunoreactivity of
palmitoylated HRas (present in the Bound HA treated fraction) was expressed as a
percentage of total FRas (Unbound and bound HA treated fractions) and was
found to be unaffectedin both whole brain and hippocampus of Zdhh¢® mice
(Figureb.5).
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Figure5.5 Quantification of HRas palmitoylation in whole brain and hippocampi of WT
and Zdhlkt9 KO miceAcytRAC samples from whole brain or hippocampi were resolved by
SDSPAGE and transferred to nitrocellulose, and subsequently probed wiRdHantibody.

The upper panel shows representative western blots (position of molecular weight markers
is shown on the left), whereas the lower panel shows quantified data from whole brain or
hippocampi of 3 KO and 3 WT mice. Statistical analysis using an unptestdrndicated

that there was no significant difference in-Réas palmitoylation between WT &nKO
samples (p>0.05). TI: total input, UT: Unbound Tris treated fraction, BT: Bound Tris treated
fraction, UH: Unbound HA treated fraction, BH: Bound HA treated fraction.
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For all the AcyRAC experiments$,-actin was used as a negative control. As
expeced, this nonpalmitoylated protein was completely excluded from the

palmitoylated fraction (laneBH inFigure5.6).

B-actin

WT KO
T UT BT UH BH T UT BT UH BH

Whole brain

Hippocampus

Figure5.6 Western blots ofi -actin as a negatve control for AcydRAC in whole brain and
hippocampi of WT and Zdhhc9 KO mi¢eytRAC samples from whole brain or hippocampi
were resolved by SBFAGE and transferred to nitrocellulose, and subsequently probed
with i -actin antibody. Representative wesh blots (position of molecular weight markers

is shown on the left) are shown from whole brain or hippocampi of 3 KO and 3 WT mice.
actin is not palmitoylated as there is not a band in BH fraction. TlI: total input, UT: Unbound
Tris treated fraction, BTBound Tris treated fraction, UH: Unbound HA treated fraction, BH;:

Bound HA treated fraction.

5.2.4 Analysis of palmitoylated presynaptic proteins inZdhhc9 Krain

In order to identify new substrates of the zDHHC9 enzyme, the major
presynaptic proteins thahave been reported to be palmitoylated were studied.
Cysteine string protein (Csp) is a highly palmitoylated (14 palmitoylation sites)
synaptic vesicle proteigGundersen et al., 1994 xpression levels of Csp in whole
brain homogenates (h=3 KO, 3 WT) were not significantly different between WT and

KOanimds (Figureb.7).
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Figure 5.7 Quantification of Csp protein level in brain homogenate$Vhole brain
K2Y23Syl igSnwere tesolved by SBFRGE and transferred to nitrocellulose, and
subsequently probed with-actin and Csp antibodies. The left panel shows representative
western blots (position of molecular weight markers is shown on #fg, lwhereas the

right panel shows quantified data from 3 KO and 3 WT mouse whole brain homogenates.
Statistical analysis using an unpairedest indicated that there was no significant

difference in Csp expression between WT and KO samples (p>0.05).

Moreover, when Csp palmitoylation was studied by ARAIC in whole brain
and hippocampus of WT anddhhc9 KQmice (n=3 WT, 3 KO), there was not a
significant difference between thdwo genotypes ofmice §igure 5.8). It is
important to note that the extensive palmitoylation of Csp results in a marked
bandshift on SDS gels as evident from the hydroxylariieated samples irrigure

5.8 (Chamberlain and Burgoyne, 1996)
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Figure5.8 Quantification of Csp palmitoylation invhole brain and hippocampi of WT and
Zdhhc9 KO miceAcytRAC samples from whole brain or hippocampi were resolved by SDS
PAGE and transferred to nitrocellulose, and subsequently probed with Csp antibody. The
upper panel shows representative western blgposition of molecular weight markers is
shown on the left), whereas the lower panel shows quantified data from whole brain or
hippocampi of 3 KO and 3 WT mice. Statistical analysis using an unptstdridicated

that there was no significant differeadn Csp palmitoylation between WT and KO samples
(p>0.05). TI: total input, UT: Unbound Tris treated fraction, BT: Bound Tris treated fraction,
UH: Unbound HA treated fraction, BH: Bound HA treated fraction.

Another important presynaptic protein which known to be palmitoylated
is Synaptosomadssociated protein of 25kDa (Snap25), a plasma membrane SNARE
protein that mediates synaptic vesicle fusifidess et al., 1992)nitially, Snap25
protein levels were studied in whole brain homogenates (n=3 KO, 3 WT) and there

was not a significant difference betwe&®T and K@nimals Figureb.9).
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Figure 5.9 Quantification of Snap25 protein level in brain homogenated/hole brain
homogenates (13>g) were resolved by SBFNGE and transferred totrdcellulose, and
subsequently probed withi -actin and Snap25 antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right panel shows quantified data from 3 KO and 3 WT nwhske brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in Snap25 expression between WT and KO samples (p>0.05).

Moreover, when Snap25 palmitoylation was studied by A&4C in whole
brain and hippocampus of WT arittlhhc9 KGOnice (n=3 WT, 3 KO), there was no

significant difference detected between theo genotypes omice Figure5.10).
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Figure5.10 Quantification of Snap25 palmitoylation in whole brain and hippocampi of WT

and Zdhhc9 KO mic&cytRAC samples from whole brain or hippocampi were resolved by
SDSPAGE and transferred to nitrocellulose, and subsequently probed with Snap25
antibody. The pper panel shows representative western blots (position of molecular
weight markers is shown on the left), whereas the lower panel shows quantified data from
whole brain or hippocampi of 3 KO and 3 WT mice. Statistical analysis using an unpaired t
test indcated that there was no significant difference in Snap25 palmitoylation between
WT and KO samples (p>0.05). TI: total input, UT: Unbound Tris treated fraction, BT: Bound

Tris treated fraction, UH: Unbound HA treated fraction, BH: Bound HA treated fraction

The vesicleassociated membrane protein (VAMP) family are synaptic vesicle
SNARE proteins that are essential for neurotransmitter reléBbattacharyaet al,
2002) and that are known to be palmitoylate@Vveit et al., 2000) Initially, an
antibody was used that recognises VAMP1 aaMP2. Analysis of whole brain
homogenates (n=3 KO, 3 WT), showed that there was no overall difference in

VAMP1/2 expression beeen WT and K@nimals Figure5.11).
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Figure5.11 Quantification of VAMP1/2 protein level in brain homogenate®v/hole brain
homogenates (13>g) were resolved by SBAGE and transferred to nitrocellulose, and
subsequently probed withi -actin and VAMP1/2 antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right pnel shows quantified data from 3 KO and 3 WT mouse whole brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in VAMP1/2 expression between WT and KO samples (p>0.05).

Moreover, when VAMP1/palmitoylation was studied by AeRAC in whole
brain and hippocampus of WT a@dlhhc9 K@nice (n=3 WT, 3 KO), there was not a

significant difference between thisvo genotypes ofmice Figure5.12).
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Figure5.12 Quantification of VAMP1/2 palmitoylation in whole brain and hippocampi of

WT and Zdhhc9 KO micAcytRAC samples from whole brain or hippocampi were resolved

by SDSAGE and transferred to nitrocellulose, asubsequently probed with VAMP1/2
antibody. The upper panel shows representative western blots (position of molecular
weight markers is shown on the left), whereas the lower panel shows quantified data from
whole brain or hippocampi of 3 KO and 3 WT m&tatistical analysis using an unpaired t

test indicated that there was no significant difference in VAMP1/2 palmitoylation between
WT and KO samples (p>0.05). TI: total input, UT: Unbound Tris treated fraction, BT: Bound
Tris treated fraction, UH: UnbourdiA treated fraction, BH: Bound HA treated fraction.

To specifically study VAMP2, an isofeseiective antibody was used. A
statistically significant decrease in VAMP2 expression was observed in KO mouse
brain homogenates (p=04, 2 sample -test, Figure 5.13). Althoughthis was a

significant difference, the extent of the change was very small.
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Figure 5.13 Quantification of VAMP2 protein level in brain homogenate®/hole lrain
K2Y23Syl @)Swere tesolved by SIFAGE and transferred to nitrocellulose, and
subsequently probed withi -actin and VAMP2 antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right panel shows quantified data from 3 KO and 3 WT mouse whole brain
homogenates. Statistical analysis using an unpairestt indicated that there was a

significant difference in VAMP2 expression between WT and KO samples (p=0.04).

When the same antibody was used in order to study palmitoylation of
VAMP2 in whole brain oZdhhc9 KO mice, no significant change was observed
between WT and KO animalBigure5.14), consistent with the results using the

antibody that recognisesoth VAMP1 and VAMPEifure5.12).
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Figure5.14 Quantification of VAMP2 palmitoylation in whole brain of WT and Zdhhc9 KO
mice. AcytRACsamples from whole brain were resolved by SIMGE and transferred to
nitrocellulose, and subsequently probed with VAMP2 antibody. The upper panel shows
representative western blot (position of molecular weight markers is shown on the left),
whereas the laver panel shows quantified data from whole brain of 3 KO and 3 WT mice.
Statistical analysis using an unpairedest indicated that there was no significant
difference in VAMP2 palmitoylation between WT and KO samples (p>0.05). UT: Unbound
Tris treated faction, BT: Bound Tris treated fraction, UH: Unbound HA treated fraction, BH:

Bound HA treated fraction.

A third VAMP isoform was also studied (VAMP3), and there was no
significant change in expression of this protein in whole brain homogenate® of K

mice (n=3 KO, BVT) Figure5.15).
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Figure 5.15 Quantification of VAMP3 protein level in brain homogenate¥/hole brain
homogenates (13>g) were resolved by SEBFNGE d transferred to nitrocellulose, and
subsequently probed withi -actin and VAMP3 antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right panel shows quantified data fronK® and 3 WT mouse whole brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in VAMP3 expression between WT and KO samples (p>0.05).

Synaptotagmirl is a presynaptic vesicle protein knownke palmitoylated
(Chapmaret al, 1996) The levels of this protein were unchanged in whole brain

homogenaes (n=3 KB WT) from K@nimals Figure5.16).
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Figure5.16 Quantification of Synaptotagmin 1 protein level in brain homogenat&8hole

brain homogenates (1%g) were resolved by SBPA\GE andransferred to nitrocellulose

and subsequently probed with-actin and Synaptotagmin 1 antibodies. The left panel
shows representative western blots (position of molecular weight markers is shown on the
left), whereas theright panel shows quantified data from 3 KO and 3 WT mouse whole
brain homogenates. Statistical analysis using an unpaitesttindicated that there was no

significant difference in Synaptotagmin 1 expression between WT and KO samples (p>0.05).

In addiion, when Synaptotagmin 1 palmitoylation was studied by RAC
in whole brain and hippocampus of WT afidhhc9 K@nice (n=3 WT, 3 KO), there

was not a significant difference between thveo genotypes omice Eigure5.17).
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Figure 5.17 Quantification of Synaptotagmin 1 palmitoylation in whole brain and
hippocampi of WT and Zdhhc9 KO mié¢eytRAC samples from whole brain or hippocampi
were resolved by SBFAGE andransferred to nitrocellulose, and subsequently probed
with Synaptotagmin 1 antibody. The upper panel shows representative western blots
(position of molecular weight markers is shown on the left), whereas the lower panel shows
quantified data from whole tain or hippocampi of 3 KO and 3 WT mice. Statistical analysis
using an unpairedtest indicated that there was no significant difference in Synaptotagmin

1 palmitoylation between WT and KO samples (p>0.05). Tl: total input, UT: Unbound Tris
treated fracion, BT: Bound Tris treated fraction, UH: Unbound HA treated fraction, BH:

Bound HA treated fraction.

Finally, the expression and palmitoylation of Vesicular glutamate
transporters YGLUTs) was studied. These proteins transport glutamate from the

cell cypplasm into synaptic vesiclgShigeri et al., 2004)VGLUT1 and VGLUT2
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levels were examed in whole brain homogenates from WT and KO mice but no

difference was noticeddtween the twogroups Figure5.18).
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Figure 5.18 Quantification of VGLUT1 and VGLUT2 protein level in brain homoger
2 K2fS8S ON}AY K2Y23Syl (154 6 WAGE a0 transfesrdts
nitrocellulose and subsequently pret withi -actin and VGLUT1 and VGLUT2 antibc
The left parts of panels A and B show representative western blots (position of mo
weight markers is shown on the left), whereas the right parts of panels show quantifie
from 3 KO and 3 WT moeisvhole brain homogenates. Statistical analysis using an unj
t-test indicated that there was no significant difference in VGLU1 and VGLUT2 exj
between WT and KO samples (p>0.05).
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In order to examine if VGLUT1 and VGLUT2 palmitoylation is affected, Acyl
RAC in whole brain of WT ariddhhc9 KOnice (n=3 WT, 3 KO) was conducted but
there was not a significant difference between the two genetypof mice for

VGLUTI1Rigure5.19) or VGLUTZ{gureb.20).
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Figure5.19 Quantification of VGLUT1 palmitoylation in whole brain of WT and Zdhhc9 KO
mice. AcylRAC samples from whole brain were resolved by-”ASE aoh transferred to
nitrocellulose and subsequently probed with VGLUT1 antibody. The upper panel shows
representative western blot (position of molecular weight markers is shown on the left),
whereas the lower panel shows quantified data from whole brain of 3 KO and 3 WT mice.
Statigical analysis using an unpairedtest indicated that there was no significant
difference in VGLUT1 palmitoylation between WT and KO samples (p>0.05). TI: total input,
UT: Unbound Tris treated fraction, BT: Bound Tris treated fraction, UH: Unbound HA

treated fraction, BH: Bound HA treated fraction.

Moreover, ACHRAC in hippocampi of WT addlhhc9 KGOnice (n=3 WT, 3
KO) was conducted but there was also no significant difference between the two
genotypes of mice foVGLUT2Rigure5.20).
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Figure5.20 Quantification of VGLUT2 palmitoylation in whole brain and hippocampi of

WT and Zdhhc9 KO micAcytRAC samples from whole brain or hippocampi were resolved

by SDSPAGEand transferred to nitrocellulose, and subsequently probed with VGLUT2
antibody. The upper panel shows representative western blots (position of molecular
weight markers is shown on the left), whereas the lower panel shows quantified data from
whole brainor hippocampi of 3 KO and 3 WT mice. Statistical analysis using an unpaired t
test indicated that there was no significant difference in VGLUT2 palmitoylation between
WT and KO samples (p>0.05). TI: total input, UT: Unbound Tris treated fraction, BT: Bound

Tris treated fraction, UH: Unbound HA treated fraction, BH: Bound HA treated fraction.

5.2.5 Analysis of palmitoylated possynaptic proteins inZdhhc9 KMrain

It is clear from the preceding analyses that K&dtihcShas little effect on the
expression and gmitoylation of presynaptic proteins. To investigate if zDHHC9
function is more important in possynaptic function, the expression and

palmitoylation of a number of important postynaptic proteins was investigated.
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Initially, GIuR1 and GIuR2 subunits AMPA receptors were studied as these are
known to be regulated by palmitoylatio(Hayashi et al., 2005)There was no
change in expression of GIuR1 protein level in whole braimmdgenates of KO mice

(Figure5.21).
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Figure 5.21 Quantification of GIuR1 protein level in brain homogenate¥/hole brain
homogenates (13>g) were resolved by SBAGE and transferred to nitrocellulose, and
subsequently probed withi -actin and GIuR1 antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right pagl shows quantified data from 4 KO and 4 WT mouse whole brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in GIuR1 expression between WT and KO samples (p>0.05).

Moreover the level of Phosm-GluR1l (Ser845) was studied as
phosphorylation of GIuR1 is essential for synaptic plasticity and promotes rapid
excitatory transmission in the braifLee et al, 2003) The internalization and
recycling of AMPA receptors depends on changes in phosphorylation of Ser845
(Ehlers, 2000)However, no difference was observed between WT K brain

homogenatesKigure5.22).
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Figure5.22 Quantification of phospheGluR1 (Ser845) protein level in brain homogenates.
Whole brain homogenates (1%g) were resolved by SEFRAGE and transferred to
nitrocellulose, and subsequently probed withactin andphospheGIuR1 antibodies. The
left panel shows representative western blots (position of molecular weight markers is
shown on the left), whereas thdght panel shows quantified data from 3 KO and 3 WT
mouse whole brain homogenates. Statistical analysis using an unpaigstlindicated that
there was no significant difference in phosp@tuR1 expression between WT and KO

samples (p>0.05).

GluR1 and @R2 palmitoylation is essential for the regulation of intracellular
trafficking of the receptorgYang et al., @9) Therefore, GIuR1 palmitoylation was
studied by AcyRAC and there was no significant change in GIuR1 palmitoylation in
whole brain Figure5.23). Also, no change in palmitoylation was observed in the

hippocampus of KO animal&igure5.23).
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Figure5.23 Quantification of GIuR1 palmitoylation in whole brain and hippocampi of WT
and Zdhhc9 KO micécytRAC samples fromrhole brain or hippocampi were resolved by
SDSPAGE atransferred to nitrocellulosand subsequently probed with GIuR1 antibody.
The upper panel shows representative western blots (position of molecular weight markers
is shown on the left), whereas thewer panel shows quantified data from whole mouse
brain (n=4K0O4WT) or hippocampi (h=3KGWT). Statistical analysis using an unpaired t
test indicated that there was no significant difference in GIluR1 palmitoylation between WT
and KO samples (p>0.05). fital input, UT: Unbound Tris treated fraction, BT: Bound Tris

treated fraction, UH: Unbound HA treated fraction, BH: Bound HA treated fraction.

GluR2 levels were also studied in whole brain homogenates but no change

was observed between WT and ldQimds (Figureb.24).
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Figure 5.24 Quantification of GluR2 protein level in brain homogenate¥/hole brain
homogenates (13>g) were resolved by SBBAGE and transferretd nitrocellulose, and
subsequently probed withi -actin and GIuR2 antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right panel shows quantified data from 3 KO and 3 WiIsenwhole brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in GIuR2 expression between WT and KO samples (p>0.05).

Moreover, GIuR2 palmitoyatiothat was studied by AcRAGN whole brain
did not show any significant difference beten the twogenotypes Figure5.25).
Thus, there was no overall change in expression or palmitoylation of GIuR1 and

GIuR2 AMPA receptor subunits.
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Figure5.25 Quantification of GIuR2 palmitoylation in whole brain of WT and Zdhhc9 KO
mice. AcylRAC samples from whole brain were resolved by-FIsBSE and transferred to
nitrocellulose, and subsequently probed with GluR2 antibodihe upper panel shows
representative western blot (position of molecular weight markers is shown on the left),
whereas the lower panel shows quantified data from whole brain of 3 KO and 3 WT mice.
Statistical analysis using an unpairedest indicated that there was no significant
difference in GIuR2 palmitoylation between WT and KO samples (p>0.05). TI: total input, UT:
Unbound Tris treated fraction, BT: Bound Tris treated fraction, UH: Unbound HA treated

fraction, BH: Bound HA treated fraction.

Postynaptic density protein 95 (PSD95) is a synaptic scaffolding protein that
plays a key role in the clustering of AMPA and NMDA recegudowski et al.,
2013; Bustos et al., 2014)Nhen PSD95 protein level waxamined in brain
homogenates, there was not a significant change iderttifbetween WT and KO

animals Figure5.26).
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Figure 5.26 Quantification of PSD95 protein level in brain homogenaté&hole brain
homogenates (13>g) were resolved by SBEAGE and transferred to nitrocellulose, and
subsequently probed withi -actin and PSD95 antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the right pagl shows quantified data from 3 KO and 3 WT mouse whole brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in PSD95 expression between WT and KO samples (p>0.05).

The targeting of PSD95 tohe postsynaptic density is regulated by
palmitoylation (EFHusseiniet al, 2000) Therefore its palmoylation level was
examined by AcyRAC in whole brain and hippocampus of WT and KO animals

without any significanfinding Figure5.27).
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Figure5.27 Quantification of PSD95 palmitoylation in whole brain and hippocampi of WT
and Zdhhc9 KO mic&cytRAC samples from whole brain or hippocampi were resolved by
SDSPAGE ahtransferred to nitrocellulosend subsequently probed with PSD95 antibody.
The upper panel shws representative western blots (position of molecular weight markers

is shown on the left), whereas the lower panel shows quantified data from whole brain or
hippocampi of 3 KO and 3 WT mice. Statistical analysis using an unptstdridicated

that there was no significant difference in PSD95 palmitoylation between WT and KO
samples (p>0.05). TI: total input, UT: Unbound Tris treated fraction, BT: Bound Tris treated
fraction, UH: Unbound HA treated fraction, BH: Bound HA treated fraction.

Finally, &pression and palmitoylation of the NR2b subunit of NMDA
receptors was investigated as this protein is also known to be regulated by
palmitoylation (Hayashi et al., 2009After studying its protein level in whole brain
homogenates, no significarifference was revealed betweeWT and KO mouse
brain Figure5.28).
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NR2b band intensity/ B-actin
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Figure 5.28 Quantification of NR2b protein level in brain homogenate$vhole brain
homogenaes (13>g) were resolved by SBEAGE and transferred to nitrocellulose, and
subsequently probed withi -actin and NR2b antibodies. The left panel shows
representative western blots (position of molecular weight markers is shown on the left),
whereas the rigt panel shows quantified data from 3 KO and 3 WT mouse whole brain
homogenates. Statistical analysis using an unpairegbstt indicated that there was no

significant difference in NR2b expression between WT and KO samples (p>0.05).

Similar results werelgiained after studying its palmitoylation in whole brain

from WT and KO animals, the palmitoylated protein had sim#éaels in both

groups Figure5.29).
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Figure5.29 Quantification of NR2b palmitoylation in whole brain of WT and Zdhhc9 KO
mice. AcylRAC samples from whole brain were resolved by-”ARSE and transferred to
nitrocellulose, and subsequently probed with NR2b antibody. The upper panel shows
representatve western blot (position of molecular weight markers is shown on the left),
whereas the lower panel shows quantified data from whole brain of 3 KO and 3 WT mice.
Statistical analysis using an unpairedest indicated that there was no significant
difference in NR2b palmitoylation between WT and KO samples (p>0.05). TI: total input, UT:
Unbound Tris treated fraction, BT: Bound Tris treated fraction, UH: Unbound HA treated

fraction, BH: Bound HA treated fraction.

5.2.6 Proteomic analysis of changes in palmitaged proteins in Zdhhc9 KO

mouse brain

As no change in the expression or palmitoylation of a variety of qand post
synaptic proteins was identified by immunoblotting apart from a small decrease in

VAMP2 protein level in brain homogenates &dhhc9 KCGanimals, an unbiased
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proteomics strategy was adopted. AGYAC fractions (BH and BT) were isolated

from whole WT and KO mouse brain (n=2) and analysed by MS.

1179 proteins were identified as likely to be palmitoylated. After applying a filter

for proteins wth a fold changex H

KO), 300 proteins appeared to meet those criteria. From them, 230 proteins had

0 dzLINB3IdzAf F GSR AY Yho

reduced palmitoylabn and arepresented inTable5.1.

Table5.1 Proteins with reduced palmitoylation in Zdhhc9 K@ouse brain

Gene name of protein

Average Ratio KO/WT

Usp20 WT specific
Dhx15 WT specific
Ralgapb WT specific
Thck WT specific
Eif3a WT specific
Uhrflbpl WT specific
Mtmr3 WT specific
Ccr5 WT specific
Stxbp3 WT specific
Tmem57 WT specific
Rnpep WT specific
Ikbkb WT specific
Sael WT specific
Nell2 0.004
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Gdapl 0.012
Ppmla 0.013
Pip4k2a 0.052
Jam3 0.053
Tpil 0.058
Tnsl 0.078
Ndufb8 0.082
Map3k4 0.084
Dnajc6 0.088
Abcb8 0.091
Scn3a 0.093
Zc2hcla 0.106
Uchl5 0.109
Atp6vlgl 0.110
Synrg 0.111
Sept3 0.118
Gpi 0.125
Apeh 0.129
Rab13 0.137
Ctsd 0.137
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Necab?2 0.152
Arhgap26 0.152
Lancll 0.153
Lztsl 0.153
Hapinl 0.155
Luc7I 0.157
Psmd6é 0.158
Map2k2 0.160
Sorbs1 0.162
Gad1l 0.166
Mat2b 0.167
Scrnl 0.174
Asrgll 0.176
Arfgap2 0.177
Bcatl 0.184
Uncl3c 0.184
Sirt2 0.184
Mbnl1 0.186
Tnpol 0.188
Kif3a 0.200

197



Impal 0.201
Eif3i 0.204
Uchll 0.224
Atp6v1g2 0.231
Arhgap5 0.231
Irs2 0.233
Ndrg4 0.235
Hnrnpa2bl 0.239
Cpe 0.241
Adrbk1 0.244
Cdc42ep4 0.244
Trappc8 0.248
Ddn 0.249
Pam 0.251
Wars 0.253
Vps51 0.255
Tipl 0.255
Gotl 0.259
Hbal 0.260
Sept7 0.260
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Arsb 0.260
Vpsda 0.260
Nfs1l 0.267
Sh2b1 0.268
Opal 0.271
Gpsml 0.272
Igbp1 0274
Apmap 0.274
Exoc8 0.275
Celf4 0.275
Abhd17a 0.275
Cttn 0.275
Dpysl4 0.278
Corola 0.278
Hsp90abl 0.281
Rpsa 0.281
Map2k4 0.284
Dnaja3 0.286
Txnll 0.292
ZyX 0.299
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Npepps 0.299
Dgke 0.300
Kctd12 0.302
Acaa2 0.303
Raplgap 0.310
Sf3b3 0.312
Bsg 0.313
Sars 0.313
Ocrl 0.318
Hsp90aal 0.320
Appl2 0.322
Pgkl 0.328
Slc24a2 0.331
Prkar2a 0.331
Idh3a 0.333
Cpeb3 0.339
Stom 0.341
Slc29al 0.343
Cat 0.345
Ddx1 0.346
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Fam217b 0.350
Psma5 0.351
Ankrd63 0.352
Tns2 0.356
Mblac2 0.360
Mtmrl2 0.361
Pde2a 0.362
Fga 0.362
Tldc1 0.363
Acsl6 0.363
Usp4 0.364
Rnf214 0.368
Ube2v2 0.370
Hnrnph2 0.371
Lrrcl6a 0.371
Ppia 0.372
Rps16 0.373
Vps37b 0.373
Vps35 0.376
Necapl 0.376
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Stxbp5 0.377
DpysI5 0.377
Cnn3 0.379
Cst3 0.380
Aldhgal 0.381
Vps8 0.382
Syt4 0.382
Plcb1 0.382
Clqgtnf4 0.383
Golga7b 0.384
Elavi2 0.385
Lamb2 0.388
Csnkle 0.389
Plxnal 0.395
Qdpr 0.397
Dtna 0.399
Clcn6 0.403
Abcel 0.405
Synpo 0.410
Trim32 0.412
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Fam21 0.413
Fech 0.415
Crmpl 0.417
PdelOa 0417
Spred2 0.419
Atp6v1b2 0.423
Pura 0.424
Cadps 0.427
Gmppa 0.428
Pycrl 0.428
INpp3 0.429
Dlgap4 0.430
Fam63b 0.432
Thsd7a 0.433
Laspl 0.435
Agol 0.438
Blmh 0.439
Slc2a3 0.448
Gabral 0.451
Hcnl 0.451
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Tkt 0.452
Lars 0.452
Ncor2 0.452
Gops3 0.452
Asap?2 0.454
Itsnl 0.455
Nckipsd 0.456
Camkv 0.459
Mprip 0.459
Appll 0.461
Wasl 0.461
Mgea5 0.462
wdfy3 0.462
Aip 0.464
Dgkb 0.464
Agap3 0.466
Apc 0.466
Corolb 0.466
Enol 0.469
Shc3 0.469
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Rab6a 0.469
Wasfl 0.469
Map7d2 0.470
G&dil 0.473
Add3 0.474
Zc3h4 0.475
Fnl 0.476
Uspl5 0.477
Nipsnapl 0.477
Osbpl8 0.477
Macfl 0.478
Ehbp1 0.480
AK5 0.480
Nsf 0.481
Ccdc88a 0.483
Slc30a3 0.483
Farpl 0.485
Asapl 0.486
Ulk1l 0.486
Cold4a2 0.487
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Larpl 0.488
Pfas 0.489
Ubr5 0.489
Lrba 0.489
Kbtbd11 0.490
Usp7 0.490
Rnfl1 0.490
Gnll 0.490
Calcocol 0.495
Nisch 0.495
Myo16 0.496
Pgbd5 0.496
Tpp2 0.498
Ewsrl 0.498
Tex264 0.499
Irgq 0.500

5.2.7 Validation of proteomics with immunoblotting

Some of the proteomic hits were testddr validation using immunoblotting.
CCR5 (€ chemokine receptor type 5) was detected in only palmitoylated samples
from WT mice and not KO mice. However immunoblotting analysis showed that no

CCR5 could be detected in the palmitoylated fractions (BHR(M&T, 2 KO from
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proteomics). In addition, no change in CCR5 expression was observed in brain

homogenate from WT and K@ice Figure5.30).

CCR5

WT KO
TI UT BT UH BH TI UT BT UH BH

_ o

WT KO

CCR5
B-actin

Figure5.30 CCR5 expision in AcyRAC fractions and brain homogenates from WT and
Zdhhc9 KO miceThe upper panel shows representative western blot after &RAC from
whole mouse brain. The samples were resolved by-FRSE ah transferred to
nitrocellulose and subsequentlyprobed with CCR5 antibody. The lower panel shows
representative western blot of CCR5 protein levels in brain homogenates. Whole brain
homogenates (13>g) were resolved by SBEAGE and transferred to nitrocellulose, and
subsequently probed with -actin andCCR5 antibodies. TI: total input, UT: Unbound Tris
treated fraction, BT: Bound Tris treated fraction, UH: Unbound HA treated fraction, BH:
Bound HA treated fraction. Position of molecular weight markers are shown on the left side

of all immunoblots.

Pdel@ (cAMP and cAMmhibited cGMP 3&yclic phosphodiesterase 10A)
was also downregulated in KO samples (0.42 KO vs WT) based on proteomics so its
palmitoylation and expression was also sealbyimmunoblotting Eigure5.31). No

change in palmitoylation of Pdel0a was identified by immunoblotting of the- Acyl
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RAC samples (n=2 WT, 2 KO from proteomics), and no change in Pdel10a expression

was observed by immunoblottingf brain homogenatesHgure5.31).

Pdel0a

WT KO
T UT BT UH BH Tl UT BT UH BH

Whole brain

WT KO

Pdel0a

N
87 "

Figure5.31 Pdel10a expression in AGRRAC fractions and brain homogenates from WT and

Zdhhc9 KO miceThe upper panel shows representative western blot after ARAC from
whole mouse brain. The samples were resolved by -BRGE and transferred to
nitrocellulose, and subsequently probed with PdelOa antibody. The lower panel shows
representative western blot of PdelOa protein levels in brain homogenates. Whole brain
homogenates (2 >g) were resolved by SBBAGE and transferred to nitrocellulose, and
subsequently probed with-actin and Pdel0a antibodies. TI: total input, UT: Unbound Tris
treated fraction, BT: Bound Tris treated fraction, UH: Unbound HA treated fraction, BH:
Bound HAreated fraction. Position of molecular weight markers are shown on the left side

of all immunoblots.

Synaptophysin was also downregulated in KO samples (0.56 KO vs WT)
based on proteomics so its palmitoylation was alsodsd by immunoblotting

(Figure 5.32). No change in palmitoylation of Synaptophysin was identified by
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immunoblotting of the AcyRAC samples (n= 2 WX KO from proteomicsigure
5.32).

Synaptophysin
WT KO
Tl UT BT UH BH TI UT BT UH BH

Whole brain

Figure5.32 Synaptophysin expression in AeRAC fractions from WT and Zdhhc9 KO mice.
Representative western blot after AeRIAC from whole mouse brain. The samples were
resolved by SDBAGE and transfexd to nitrocellulse and subsequently probed with
Synaptophysin antibody. TI: total input, UT: Unbound Tris treated fraction, BT: Bound Tris
treated fraction, UH: Unbound HA treated fraction, BH: Bound HA treated fraction. Position

of molecular weight markers is shown oretleft side of the immunoblot.

Calnexin was also downregulated in KO samples (0.57 KO vs WT) based on
proteomics therefore its palmitoylation and expression was also istlicby
immunoblotting Figure 5.33). No chage in palmitoylation of Calnexin was
identified by immunoblotting of the AGRAC samplegn= 2 WT, 2 KO from
proteomics)and no change in Calnexin expression was observed by immunoblotting

of brain homogenatesHigure5.33).
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Calnexin

WT KO
TI  UT BT UH BH TI UT BT UH BH

Calnexin

B-actin

Figure5.33 Calnexin expression in AGRRAC fractions and brain homogenates from WT
and Zdhhc9 KO micé&lhe upper panel shows representative western blot after ARAC
from whole mouse brainThe samples were resolved by SE¥SGE and transferred to
nitrocellulose and subsequently probed with Calnexin antibody. The lower panel shows
representative western blot of Calnexin protein levels in brain homogenates. Whole brain
homogenates (13>g) were resolved by SBBAGE and transferred to nitrocellulose, and
subsequently probed with-actin and Calnexin antibodies. TI: total input, UT: Unbound Tris
treated fraction, BT: Bound Tris treated fraction, UH: Unbound HA treated fraction, BH:
Bound HA treated fraction. Position of molecular weight markers are shown on the left side

of all immunoblots.

Flotillin 2 was also downregulated in KO samples (0.66 KO vs WT) based on
proteomics therefore its palmitoylation and expression was also studied by
immunoblotting §igure 5.34). No change in palmitoylation of Flotilin 2 was
identified by immunoblotting of the AGRAC samples (n= 2 WT, 2 KO from
proteomics), and no change in Flotilin 2 expression was obserlgd

immunobldting of brain homogenatesdgure5.34).
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TI UT BT UH BH TI UT BT UH BH
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A B-actin

Figure5.34 Flotillin 2 expression in AcYRAC fractions and brain homogenates from WT
and Zdhhc9 KO micélhe upper panel shows representative western blot after ARKC
from whole mouse brain. The samples were resolved by-FSASE andransferred to
nitrocelluloseand subsequently probed with Flotillin 2 antibody. The lower panel shows
representative western lbt of Flotillin 2 protein levels in brain homogenates. Whole brain
homogenates (13>g) were resolved by SEFAGE ath transferred to nitrocelluloseand
subsequently probed with -actin and Flotillin 2 antibodies. TI: total input, UT: Unbound
Tris treated faction, BT: Bound Tris treated fraction, UH: Unbound HA treated fraction, BH:
Bound HA treated fraction. Position of molecular weight markers are shown on the left side

of all immunoblots.

Among the proteomic hits, some already studied proteins were o0 AMP1
(0.75 KO vs WT), VGLUT1 (0.85 KO vs WT), NR2b (0.86 KO vs WT), GluR1 (1.34 KO vs
WT), HRas (1.98 KO vs WT), but there was no significant change in the

palmitoylation or expression of those proteins as already demonstrated.

5.3 Discussion

In this clapter, a variety of presynaptic and postsynaptic proteins that are

known to be palmitoylated were investigated. First, protein levels of each protein
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were examined in brain homogenates and then palmitoylation of each protein was
studied by AcyRAC. The mallts indicate thatZdhhc9 KQmice do not show any
significant changes in protein expression or palmitoylation of the synaptic proteins
studied with the exception of VAMP2. Comparison of the isolated palmitoylomes
from WT andzZdhhc9 KQmice identified a nmber of marked changes; however
immunoblotting of the same samples that were analysed by MS failed to validate

any of these changes.

A decrease in protein expression of the presynaptic plasma membrane protein
VAMP2 was identified, which was statisticaliynificant based on quantification of
band intensities in immunoblots. In neurons, vesagsociated membrane protein
(VAMP2 or Synaptobrewi?) is an important \ASNARE protei(Elferink et al., 1989)
SNARE (Soluble NSF Attachment Protein Receptor) proteins form a large protein
family that mediate vesicle fusion. TheSWARE VAMP?2 interacts with the plasma
membrane SNARE proteins Syntaxin 1 and Snap25 prdtedimer et al.,, 1993;
Sollner et al., 1993)The formation of this ternary SNARE complex forms a link
between the synaptic vesicle and plasma membrane that mediates exand
neurotransmitter releasgWeberet al, 1998) VAMP2 expression is essential for
presynaptic neurotransmitter releas¢Schochet al, 2001) Although VAMP2
expression was significantly reduced, it could be argued that the size of this change
IS not sufficient to causa dysfunction. However, it is possible that small changes in

protein expression can cause neurological disorders.

As it has been proved in animal models of VAMP2 dysfunction, VAMP2 is
essential for fast neurotransmitter exocytosis and fast endocytogisch is
important for synaptic vesicle recyclii§choch et al., 2001; Deak et al., 2008)s
possible herefore that small changes in VAMP2 expression could cause a defect in
neurotransmitter exocytosis and slower synaptic vesicle recycling, which could then

cause behavioural deficits iidhhc9 KQOmice. It would be interesting to know if
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heterozygous miceor Vamp2 show a deficit in synaptic vesicle recycling, as

functional studies have only been conducted in Vamp2 KO neurons.

Some proteins whose palmitoylation was examined in this chapter, are known
to be palmitoylated by other z-DHHC enzymes. Csp can batpglated by zDHHCS3,
-7,-15, and-17 (Greaves et al., 2008). Snap25 is palmitoylated by zE3HHA@&Nd-

17 (Lemonidiset al, 2014) Synaptotagmin 1 is palmitoylated BpHHC17 (Huang
et al., 2004)zDHHE2, -3, -7 and-15 are PATs for PSD@ukataet al., 2004) NR2b
and GIuR1/2 are palmitoylated HpHHC3Hayashi et al2005, 2009) It is not yet
known which specific enzymes patayilate VAMP1/2/3 and vGlutl/2.

After studying protein levels of-Ras and MNRas in membrane fractions from
mouse brain homogenates, it was demonstrated that the association of those
proteins with the membranes does not change 2dhhc9 KQmice. This finohg
suggested that palmitoylation of-Hind NRas is not disrupted iddhhc9 KQOnice
and this was confirmed by subsequent immunoblotting analysis of isolateeR*Xeyl
fractions. This was a surprising observation as these proteins are thought to be
major sibstrates of the zDHHC9 enzyrffewarthout et al., 2005; Chai et al., 2013)
and yet stable membrane association of these proteins is dependent on

palmitoylation(Hancoclet al., 1989)

Previous work has identified-Ras and MRas as targets of zDHHC9 and this
enzyme was shown to be a target of riiB4 in somatostatin interneuronpai et
al., 2013) Interestingly, knockdown of zDHHC9 was shown to perturb membrane
binding of HRas, implying zDHI®H-Ras is a functional enzyrselbstrate pair. In
contrast, other work has questioned the specific requirement of zDHHC9 for Ras
palmitoylation (Rockset al, 2010)suggesting that other enzymes can palmitoylate

Ras and may compensate for the loss of zDHHC9.

However, it is possible that changes in palmitoylation ekt NRas could be

occurring in specific brain regions and that these effects were diluted out &y th
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analysis of whole brain samples. However as no change in palmitoylation was
detected in the hippocampus, this suggests that the deficits observed in the
hippocampaldependent Morris water maze task are not linked to changes in Ras

palmitoylation.

The higpocampus is an important brain region for spatial learning and memory,
which is essential in order to perform the Morris water maze tédsbgue et al.,
1997) Palmitoylation of presynaptic and postsynaptic hippocampal proteins was
specifically examined in this chapter but no changes were observed. It is likely that
there are specific molecular chaegy occurring in the hippocampus @tlhhc9 KO
mice and that additional work will be required to pinpoint the specific molecular
deficits. Moreover, hippocampal volume was unaffected in KO mice suggesting that
the behavioural deficits revealed in MWM are mused by any gross anatomical
changes in the hippocampus but instead they are likely to reflect molecular changes
that affect its function. However, it is also possible that this brain region may not be
responsible for the mild deficit in performance @tlhhc9 KQOmice in this spatial
learning and memory task. Although the hippocampus is central to performance in
the Morris water maze, it is known that other brain regions contribute to successful
completion of the taskLesions in regions lik&riatum, basal forebrain, cerebellum
and cerebral cortex have been shown to cause deficits in performance of Morris
watermazed 5 Q1 223S | yR.5S 5S@y3>S HAanmoO

The corpuscallosum could be an interesting brain region to study at the
molecular level, given the fact that it has a reduced volum£&dhhc9 K@nimals.
The corpus callosum is the largest white matter tract in the mammalian brain
(Luders et a).2010) and is forming at E18.5 in mice. Thus, it will be interesting to
determine when the defect irtorpus callosum develops idhhc9 KQnice and

what molecular changes might underlie its agenesis.

Proteomics is a useful approach in order to identify new substrates of enzymes

or protein interactors as an unbiased strategy. After proteomic analysis of
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palmitoylated proteins in WT anddhhc9 KOnouse brains, 300 proteins appeared

as highly likely to be palmitoylayed. 230 out of the 300 proteins had reduced
palmitoylation such as VAMP1, VGLUT1, NR2b, GluRRigsHCCR5, PdelOa,
Synaptophysin, Calnexin aifdbttilin 2. Validation of proteomics is a step that not

all studies include before publication of the results and was presented as a
challenging step in this chapter. Among the 10 aforementioned proteins that were
studied in order to be validated, sigmidint changes in palmitoylation or protein
expression were not confirmed by immunoblotting. It is interesting to note that
validation was conducted on the same samples as proteomics was conducted,
making it surprising to prove that the changes in palmitbgal detected by MS

could not be detected by immunoblotting of the same samples.

MS is a sensitive technique that can probably detect small changes that cannot
be detected by immunoblottingTuli & Ressom., 2009%{owever, immunoblotting
Aa adAatt F WwWI2ER aldl yYRIFENRQ UGSOKYAIAdZS F2N
limitation of the current proteomic study is the sih sample size (n=2KO, 2WT) that
does not permit any statistical analysis in order to identify significant changes.
Normally an n number of 3 is sufficient for analy$Manet al, 2013) Future work
can include more samples. Moreover another possibility could be to parfor

different quantitative MS methods such as iTRAQ or spectral counting.

Palmitoy}proteomics has also been conducted on zDHHC5 KO and zDHHC17
hypomorphic micdLi et al., 2012; Wan et al., 2018)sing ABE/SILAM, a proteomic
strategy that couples acyiotinyl exchange (ABE) purification of palmitoylated
proteins to whole animal stable isotope labelling (SILAM) in zDHRyibmorphic
mice, biggest disease changes were noted for astrocytes and oligodendrocytes of
mutant mice rather than for neuronal cel(/anet al, 2013) The proteins that
showed the largest reduction in palmitoylation were Flotl, Flot2 and Arhgap2l
(36 % decrease for Fiband Flot2, 30 % decrease for Arhgap21) followed by Ank2,
Add1l and Syn2 (22% , 19% and 18% decrease respectively). Morquantiative
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proteomic analysis of stable isotopabeled (SILAC) neuronal stem cell cultures
from forebrains of DHHGSgenetrapped mice using the palmitate analog -17
octadecynoic acid identified Flot2 as substrate of DHH@®& al,, 2012) Although
strong evidence fola steadystate pool of unacylated proteins in the DHHGS

cells was not found, the SILAC ratio (WT/GT) forFloas 3.06 making it a possible
DHHC5 substrate. Validation experiments confirmed this possifiiigt al., 2012)
Palmitoylation and oligomerization of Flot2 was abolished in DHBICHeuronal
stem cells. The study also suggested that palmitoylation can be regulated through

changes in palmitoyltransferase levels in response to differentiation signals.

Overall, our results indicate that a variety of important pead postsynaptic
proteins including H and NRas do not exhibit changes in expression or
palmitoylation inZdhhc9 KG@nimals in either whole brain or hippocampus. Those
results highlight the need to undertake further screening methods (e.g. MS
approaches with improved quantification) to identify proteins with altered
palmitoylation inZdhhc9 KGnice. The search for noveDHHC9 substrates might
also benefit from analysis of cell lines, for example, examining how knockdown or
over-expression of zDHHC9 affects cellular palmitoylation profiles using approaches
such as SILAC. These complementary approaches may circumventsissheas
secondary or compensatory changes that might occur in KO mice through
development. Moreover, our results support the opinion for the effort of always

validating omics approaches such as proteomics.
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CHAPTER 6

6 Metabolomic investigation of the effet of Zdhhc9 KO
6.1 Introduction

Generating a comprehensive characterisation of KO mice is challenging as it
requires a broad array of different techniques and approaches. In this project,
possible changes iZdhhc9 KOanimals were investigated at the behawral,
neuroanatomical and molecular level. The results of previous chapters have shown
that the Zdhhc9 KQnice exhibit clear behavioural changes in tests of anxiety and
also in the Morris Water Maze task. Furthermore, a significant change in corpus
callosun volume was detected, consistent with that observed in patients with
ZDHHC9mutations (Baker et al, 2015) However, the results of the previous
chapter were not abléo pinpoint important molecular changes that could account

for the behavioural and anatomical changes present inZdbhc9 K@nice.

Omics approaches such as transcriptomics and proteomics have gained the
attention of researchers as untargeted methods dgri the past decades
(Westerhoff and Palsson, 2004)hese approaches are nowidely used despite
their challenges, which have been briefly discussed in the previous chapter

regarding proteomics.

Metabolomics is a relatively newer omics approach (compared to proteomics
and transcriptomics) and has been a valuable method in orderdecipher
metabolic pathways that are dysregulated in a variety of diseases such as cancer,
cardiovascular disease and diabetes. Its clinical significance is being proved very
important as it can give information about development of a complex disease,

treatment and drug assessme(idias and Koal, 2016)
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In this chapter, a metabolomic approach was followed in order to identify
metabolic pathways that might be dysregulatedddhhc9 KGnimals. In addition
to identifying metabolic chages, this analysis has the potential to support the
identification of proteinlevel changes by highlighting affected pathways and
processes, which ultimately could explain the behavioural and neuroanatomical
changes seen in thédhhc9 KQOnice. Moreover, ntegrated pathway analysis was

used in order to combine results from metabolomics and transcriptomics.

6.2 Results

6.2.1 Metabolomics

Metabolomic analysis from urine of 3 KO and 3 WT adult male mice showed
that 108 metabolites were elevated and 41 decreased inKieanimals compared
to WT after applying the filter of p<0.05. Pathway analysis was conducted for those
molecules with the MetaboAnalyst. Two pathways had a p<0.05, the pathways of
tryptophan metabolism and of phenylalanine, tyrosine angptophan biosythesis

(Table6.1). The pathways are based on KEGG database.

Table 6.1 Pathways that are potentially dysregulated in Zdhhc9 KO mice based on
metabolomic data analysisising MetaboAnalystMatch status indicates the number of
metabolites in our dataset that belong to this pathway divided by the number of total

metabolites of the pathway. Pathways with a p value< 0.05 are highlighted by blue colour.

Pathway Name Match Satus p value
Tryptophan metabolism 6/40 0.010
Phenylalanine, tyrosine an

. . 2/4 0.012
tryptophan biosynthesis
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Glycerophospholipid metabolism 3/30 0.051
Vitamin B6 metabolism 2/9 0.065
Ubiquinone and other terpenoid
_ _ _ 1/3 0.137
quinone biosynthesis
Arginine and proline metabolism 4/44 0.156
D-Glutamine  and Bylutamate
1/5 0.218
metabolism
Pentose phosphate pathway 2/19 0.230
Linoleic acid m&bolism 1/6 0.255
Alanine, aspartate and glutamat
2/24 0.321
metabolism
Taurine and hypotaurine metabolisn 1/8 0.325
Ascorbate and aldarate metabolism| 1/9 0.358
alphaLinolenic acid metabolism 1/9 0.358
Nitrogen metabolism 1/9 0.358
Phenylalanine metabolism 1/11 0.418
AminoacyWtRNA biosynthesis 4/69 0.425
Glycine, serine and threonin
2/31 0.443
metabolism
Caffeine metabolism 1/12 0.447
Glycaylphosphatidylinositol(GRI)
. _ 1/14 0.499
anchor biosynthesis
Arachidonic acid metabolism 2/36 0.523
Histidine metabolism 1/15 0.523
Pentose and glucuronatq 1/16 0.546

219


http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/faces/Secure/pathway/ResultView.xhtml

interconversions

Pyrimidine metabolism 2/41 0.595
Starch and sucrose metabolism 1/19 0.609
Tyrosine metabolism 2/44 0.634
Sphingolipid metabolism 1/21 0.646
Butanoate metabolism 1/22 0.663
Cysteine and methionine metabolisi 1/27 0.738
Inositol phosphate metabolism 1/28 0.751
Purine metabolism 1/68 0.967

6.2.2 Integrated pathway analysis

Microarray data showed expression of 127 genes being downregulated and
239 upregulated in the KO mouse brain after filtering of p value <0.05 and fold
change of>1.5 in upregulation/downregulation. Analysis of those data using
g:Profiler did not show any pathways being significantly dysregulated in KO

mouse brain in gene expression level.

After performing integrated pathway analysis including the metabolomic
data, the top pathways that eergedare presented infable6.2 with ascending

p value order for each MetaboAnalyst pathway.
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Table 6.2 Pathways that are dysregulated irzdhhc9 KO mice based on integrated
metabolomic and transcriptomic data analysis using MetaboAnalyBathways with a p

value< 0.05 are highlighted by blue colour.

Total o
Hits in
molecules
Pathway Name our p-value
of the
dataset
pathway
Tryptophan metabofim 84 7| 3.29E04
Phenylalanine, tyrosine an
_ _ 12 2 0.015
tryptophan biosynthesis
Vitamin B6 metabolism 17 2 0.030
Taurine and hypotaurine metabolisy] 18 2 0.033
AminoacytRNA biosynthesis 91 4 0.058
Alanine, aspartate and glutamal
_ 58 3 0.066
metabolism
Ubiquinone and other terpenoid
_ _ _ 5 1 0.078
quinone biosynthesis
Arginine and proline metabolism 102 4 0.082
Lysine biosynthesis 7 1 0.108
Ascorbate and aldarate metabolism 36 2 0.115
D-Glutamine  and Bylutamate
8 1 0.123
metabolism
Glycerophospholipi metabolism 119 4 0.125
Pentose phosphate pathway 49 2 0.189
Butanoate metabolism 50 2 0.195
Pentose and glucuronat
50 2 0.195
interconversions
Linoleic acid metabolism 51 2 0.201
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Glycosphingolipid  biosynthesis -
_ _ 14 1 0.205
ganglio series
Glycosammoglycan biosynthesis -
Y i Y 14 1 0.205
chondroitin sulfate
Starch and sucrose metabolism 66 2 0.292

6.3 Discussion

From the metabolomics analysis, two main pathways emerged as significantly
dysregulated inZdhhc9 KQmice: the pathways of tryptophan metabolisrméh of
phenylalanine, tyrosine and tryptophdmosynthesigFigure6.1, Figure6.2).

The pathway of tryptophan metabolism includes forty molecules and six of
these were sigificantly changed in Zdhhc9 KO urine samples compared witH AWT:
Tryptophan 5-Hydroxykynurenamine L-Kynurenine Formylanthranilic acid
Indoleacetic aciédnd5-Hydroxyindoleacetic acid<{gure6.1).
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Figure 6.1 The pathway of tryptophan metabolism from KEGG pathway websitée

diagram is modified in order to highlight metabolites cained in MetaboAnalyst database

which are shown in purple rectangles. Metaledi included in MetaboAnalyst database and

also detected as upregulated in urine of Zdhhc9 KO mice are shown in yellow rectangles.
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Tph2 mRNA expression was upregulated in brain of Zdhhc9 KO mice and is shown in yellow

circle.

L-tryptohan was elevated imrine of Zdhhc9 KGanimals (3.68 KO vs WT).
Tryptophan is an essential amino acid and precursor to the neurotransmitter
serotonin and the hormone melatoniSlominskiet al, 2002) Tryptophanuria
(elevated tryptophan in urine) is common in hypertryptophanemia, a metabolic
disorder that results in an enormous increase of tryptophan in bi&ukedden et al.,
1982) Moreover indoleactic acid, which was also elevated inZdéhc9 KQOnice
has been reported to be increased in urine of patients with this disof8aedden
et al., 1982) The patients also show speech abnormalities, perceptual
hypersensitivity, mood swings, aggressive behaviour, optical strabismus and myopia
(Snedden et al., 1982)

A study showed that urinary metabolites displaying the largest changes in
young ASD (autism spectrum disorder) children compared to normal children
belonged to the tryptophan and purine metalimpathwayqGevi et al., 2016)Also,
vitamin B6, phenylalaningrosinetryptophan biosynthesis and pyrimidine
metabolism differed significantly in these children. Interestingly, these pathways
show a trend for dysregulation in our dataset frafdhhc9 K@nice, however their
p value did not redt significance. In addition, the gut microbiome contributes to
altered tryptophan metabolism, yielding increased levels of Indoleacetic acid in
urine (Gevi et al., 2016)Interestinlgy, indoleacetic acid (IndeBeacetate) was
elevated in theZdhhc9KO animals (2.85 KO vs WT). Recently, changeguin
microbiome have been proved talter brain development and neurological

function, and they can even lead to mental illnéReger=t al, 2016)

Another metabolite of the same pathway that was elevated in HAuihhc9

KOdataset is BHydroxyindoleacetic acid {8IAA) (3.65 KO vs WT). It has previpus
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been shown thaturinary 5HIAA was significantly greater in hyperserotonemic
autistic subjects compared to normal controls, revealing a link between

hyperserotonemia, autism and this metabolifdinderaa et al, 1987)

In addition, EKynurenine (3.37 KO vs WT) is a central compound of the
pathway of tryptophan metabolism as it can change to the neuroprotective agent
kynurenic acid or to the neurotoxiagent quinolinic acid. Cognitive deficits in
schizophrenia are associated with imbalances in the enzymes that break down
kynurenine(Wonodi et al., 2011)The kynurenine pathway is also upregulated in
Alzheimer's disease based on an immunohistochemical s{@iyillemin et al.,

2005)

The pathway of phenylalanine, tyrosine and tryptophan biosyngie
includes four molecules, two of which were highlighted in Edhhc9 KQlataset:

Phenylpyruvic acidnd4-Hydoxyphenylpyruvic acidHgure6.2).
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Figure 6.2 The pathway of phenylalanine, tyrosine and tryptophan biosynthesis from
KEGG pathway websiteThe diagram is modified in order to highlight metabolites

contained in MetaboAnalyst database which are shown in purple rectangles. Metabolites
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included in MetaboAalyst database and also detected as upregulated in urine of Zdhhc9

KO mice are shown in yellow rectangles.

Phenylpyruvic acid (5.52 KO vs WT) was highly increag&thirc9 KGnice.
Phenylketonuria (PKU) is a genetic disorder characterised by urinamgtiercof
phenylpyruvic acidMeister, 1958)and is caused bgecreased metabolism of the
amino acid phenylalaningGoldstein, 1961)Untreated PKU can lead to intellectual

disability, seizures and behavioural probles, 1970Q)

4-Hydroxyphenylpyruvic acid {#ydroxyphenylpyruvate) was also elevated in
Zdhhc9 KOnice (2.89 KO vs WT). Patients with PKU also show excretion of this acid
in urine (Chalmers & Watts, 1974). In addition, Tyrosinemia Type 3 is a disorder
caused by deficiency in the activity ohgdroxyphenylpyruvate dioxygenase (HPD)
and is characterized by elevated blood tyrosine and urine excretion of its derivatives
such as ydroxyphenylpyruvatéTomoedaet al, 2000) Patients with this disorder

show mild ID and/or convulsiori§omoedaet al., 2000)

The integrated pathway analysis showed thaigniicantly dysregulated
pathways were the pathways of tryptophan metabolism and of phenylalanine,
tyrosine and tryptophan biosynthesis, which were also present in the- non

integrated pathway analysis.

Apart from the six metabolites that were dysregulated ime ttryptophan
metabolism pathway, transcriptomic analysis showed thgph2 (tryptophan
hydroxylase 2) gene expression was also upregulated 1.75 fold in the KO mouse
brain and is involved in this pathway. The encoded protein catalyses the first and
rate limiting step in the biosynthesis of serotoniiiRichardet al., 2009) More
specifically, brain tryptophan is comted to 5-hydroxytryptophan by tryptophan
hydroxylase and then-Bydroxytryptophan is converted to serotonin by tryptophan
decarboxylaséRichardet al., 2009)
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Mutations inTph2that cause loss of function or reduced function of the enzyme,
are associated with Attention Deficit Hyperactivity Disorder and major depression,
while SNPs have been associated to bipdiaorder(Zhang et al., 2005; Cichon et
al., 2008; McKinney et al., 2008Mice with reduced function of Tph2 show
increased anxietyike behaviour(Osipova et al., 2009jact that could explain why

the Zdhhc9 K@nice have reduced anxiety; because of elevaleti2.

On the other side, elevated levels BHph2mRNA has been found in raphe nuclei
of depressed suicides as homeostatic mechanism to elevate abnormally low

serotonin levelg§BachMizrachiet al., 2008)

The taurine and hypotaurine metabolism did not emerge as significantly
dysregulated in the nointegrated pathway analysis (p=0.326). However, it
emerged from the integated pathwayanalysis Figure6.3). Inthis pathway Gadl
(Glutamate Decarboxylase 1) expression was 1.56 fold upregulatédhinc9 KO
mouse bran. Gadl catalyses the conversion of glutamic acid to gamma
aminobutyric acid (GABA), the major inhibitory neurotransmitter in the vertebral

central nervous systergDirkxet al., 1995)
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Figure 6.3 The pathway of taurine and hypotaurine metabolism from KEGG pathway
website. The diagram is modified in order to highlight metabolites contained in
MetaboAnalyst database which are shown in purple rectandliae metabolite S5lutamy#
taurine which is included in MetaboAnalyst database and also detected as upregulated in

urine of Zdhhc9 KO mice is shown in yellow rectangle. Gadl mRNA expression was

upregulated in brain of Zdhhc9 KO mice and is shown in yellale.

A mutation inGAD1causes Spastic Quadriplegic Cerebral Paldyrexet al,
2004) Patients show moderate to severe ID and spasticity including hypertonicity

and hyperreflexia(Mitchell & Bundey, 1997; McHale et al., 1999Yhen GAD1
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expression is upregulated, it facilitates metass outgrowth in brain cancer

(Schnepet al,, 2017)

5-Glutamyitaurine which is involved in the same pathway was upregulated in
Zdhhc9KOmice (2.88 KO vs WT). This molecule was shown to reduce aversion or
phobia and/or amiety of rats and moreover it has ardpileptic effect(Bittner et al.,

2005)

Collectively, lhe results of the metabolomics and transcriptomics analyses reveal
interesting changes that could be relevant to the neurological impairments in
Zdhhc9 KO mice and humans wifoHHC9mutations. It will be interesting to
examine if similar changes are seaarz DHHC®atients. Future work should initially
seek to examine changes in a larger cohort of WT and KO mice and examine urine

from mice taken at different ages.
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CHAPTER 7

7 General Discussion

DespiteZDHHC%nutations being associated with J|@pilepsy,and speech and
attention deficits to-date there has not been any detailed examination of the
effects ofZdhhc9mutations in a genetic mouse model. In this study, we report the
first behavioural characterization of Zzdhhc9mutant mouse line.Generation of
appropriate mouse models is important to understand how neurological disorders
develop and the associated underlying molecular and cellular defiSgseral
deficits were uncoveredn the Zdhhc9mutant line which are broadly consistent
with either phendypes of humans witlZDHHC®nutations orphenotypes reported
for other mouse models with mutations in ID gen€sllectively, these datsuggest
that this mutant mouse line may provide a good model system to dissect the
underlying neurodevelopmental changéehat lead to ID and other impairments in
humans with disruptive? DHHC®nutations. AlthoughZDHHC9%nutations are rare,
the consistent neurological impairments caused by these mutations may allow
easier identification of causative molecular and cellulaarnges, in contrast to 1D

caused by more complex genetic processes.

The results of this thesis showed thatlhhc9male KO mice are born at lower
numbers than WT male littermates suggesting a skathial phenotypeis caused by
disruption of Zdhhc9 This sugests thatZdhhc9may beimportant for embryonic
development but not crucialand implies that development of mutant embryos may
be susceptible to failuréNevertheless,tie male KO mice that do surviae fertile

and do not show any gross physical abnolities.

Endpoint and quantitative PCR analysisnfirmed that the first coding exon of
Zdhhc3s deletedin the mutantmice. However, a shorter transcript was detected in

KO mouse brain in statistically lower numbers to the WT transcript suggesting that
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shorter zDHHC9 protein construcbuld be produced. Analysis ain HAtagged

form of this shorter zDHHC9 protein showed that it was -localised at the
subcellular level, mainly present on ER membranes rather than Qdlg.raises
questions about whdter this truncated protein could functionally replace WT
zDHHC9 even if it was expressédwill be useful to test whethethis truncated
protein is functionalby studying palmitoylation of H/N-Rasin vitro and if it still
interacts with GPC16, an imparit cofactor of zDHHC%ollowing completion of

the work in this thesis, a zDHHC9 antibody was identified that successfully
recognised the protein in cell lysates. Immunoblotting of brain samples from WT
and KO mice demonstrated that the zDHHC9 proteia @laninated in KO brain and
also showed that there was no noticeable expression of a truncated protein in KO

mice.

This thesis also included the first thorough behavioural characterization of
Zdhhc9 KO mice covering important aspects such as motor coatiin and
balance, locomotor activity and anxiety, sensorimotor gating, anhedonia, sociability
and social novelty, learning and memory and visuospatial attention. Some notable
differences were identified between KO and WT miZehhc9 KO mice show
enhancedvisual placing reflex butbower grip strength, reduced anxiety levels,
impaired thygmotaxis and reduced startle reactivity. Moreover, they show impaired
acquisition of spatial learning and spatial reversal learnig regards visuospatial
attention, they work harder completing more trials than the WT animals while
achieving similar percentage of correct responses. They also have shorter correct
reaction time and show hyperactivity in thanél part of the visuospatial attention
task Many of the identifiel behaviouralchanges have also been reportedother
well-characterised murine models of ID such as Dogsymdrome Fragile X
syndrome and Rett syndrom@eier et al., 2000; Altafaj et al., 2001; Nielsen et al.,
2002; Zang et al., 2009).
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Zdhhc9KO mice wee also found to exhibit shrinkage of corpus callosum which
is the largest white matter tract in the human brain and connects the two cerebral
hemispheres(Luders et al. 2010)Volumetric reduction of this area could be
explained by reduced white matter in the KO mouse brain. Diffusion tensor imaging
would be interesting to further inveggate this hypothesis. It would also be
interesting to follow development of the corpus callosum in Zdhhc9 KO mice to
determine the molecular/cellular basis of this defect. MRI volumetric analysis of the
corpus callosum at a range of developmental agestiatafrom E18.5 (when the
corpus callosum is forming) would allow the temporal nature of this defect to be
studied. Further analysis could examine if there is a deficit in the growth of callosal
neurons or if there is ongoing neuronal death/apoptosis his tarea. Apart from
that, it would be interesting to test EDHHC®@xpression is particularly important in
other brain regionssuch as the hippocampus even though its volume was not
affected in KO animals. Producing and testing conditional knock out adsim
specifically for hippocampus or other brain regions could prove if the expression of

the gene is important for these specific brain regions.

Changes in dendritic spinesan be a cause of I&s changes in spine number or
morphology in the hippocampusak been reported in other ID mouse modéfooy,
2003; Iwase et al., 2016]herefore, it would be important to study the dendritic
spine morphology imsolated neurons obrain slices from theZdhhc9KO miceFor
example,ILIRAPL{L-1 receptor accessory proteiike 1) KO mice have impaired
spatialreference and working memories and decreased spine de(gagumuraet
al., 2014) Thus, changes in hippocamgi@pendent function can be linked to

changes in neuronal connectivity.

Overall, the KO mice recapitulate characteristics noted in humansZiitiHC9
mutations such as hypotonia and shrinkage of corpus callosum. Another consistent
finding in patients withZDHHC9mutations is focal seizures siar to Rolandic

Epilepsy (Baker et al, 2015) and therefore it will be valuable to test by
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electrophysiology if epileptic activity is present in KO mouse brain, for examyple
analysis of electroencephalogram (EEG) recordings. Apart from that, with
electrophysiological approaches we could test LTP to identify -posiptic
dysfunctions or paired pulse facilitation (PPF) for -pymaptic alterations.
Furthermore, it will be iteresting to examine further attention in Zdhhc9 KO mice.
Although KO mice were able to identify correct stimuli in thehbice serial
reaction time trial, it will be interesting to examine further their inhibitory control.

This could be examined by inBh y 3 A LIDATAQRGYA (2 6KAOK
inhibit a response as in the-¢hoice continuous performance task (Young et al.,
2009). Another aspect of the human phenotype that merits attention is the speech
defect. As a starting point, tongue movents of theZdhhc9KO mice could be
examined using a lickometer to identify any deficits that might correlate with
speech issues in humans. The Zdhhc9 KO mouse model can serve as a valuable
model of the human condition. Moreover, in order to eliminate tge of animals,

a cellular model could be developed for tHeHHC®lysfunction using either mouse
embryonic fibroblasts (MEFs) of KO mice or induced pluripotent stem cells from

patients withZDHHC®nutations.

Zdhhc9 KO mice do not show any significantnges in protein expression or
palmitoylation of major preand postsynaptic proteins studied with the exception
of VAMP2 whose expression was very modestly (but significantly) decreased in KO
brain homogenates. Surprisingly; &hd NRas do not exhibit clmges in expression
or palmitoylation in either whole brain or hippocampus of KO animals, urging the
need to identify novel zDHHC9 substrates and/or novel zDHHC9 functions. The
observed behavioural and anatomical deficits in Zdhhc9 KO mice are likelytinked
palmitoylation dysfunction based on the fact that human mutations in this gene
cause ID but we should always keep in mind the fact that this enzyme may also
exert other functions. Knoek technology in mice where the sequence encoding
the DHHC motifsi mutated to instead encode DHHA in théhhc9ene could prove

if the reported changes are due to dysfunction in palmitoylation. The kitockice
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could be tested in similar tasks to the Zdhhc9 KO mice and if the results are similar,
we could conclude thadisrupted palmitoylation is the cause of the behavioural
deficits. Comparison of the isolated palmitoylomes from WT and Zdhhc9 KO mice
identified a number of marked changes; however immunoblotting of the same
samples failed to validate any of these chasgln addition, my results show the
importance of always validating proteomic approaches. It will be important to
investigate the substrates of zDHHC9 in further detail using more quantitative
methods and higher n numbers. For example, it might be beiaéfio generate
embryonic fibroblasts (MEFs) from the Zdhhc9 KO mice and WT mice and apply
techniques such as SILAC labelling to increase the guantitative power of the MS

based substrate identification.

In Zdhhc9 KO neurons, it would be interesting to gtpdoteins, dysfunction in
which has been implicated in ID. Mutations in genes that encode for presynaptic
proteins, cause ID by disrupting important presynaptic processes such as
presynaptic vesicle recyclirfyaillend et al., 2008)Among them, mutations iGD1
gene cause nosyndromic XLID. This gene encodes for"G@l protein that
regulates the sequestration of GE@und forms of Rab proteins after their exit
from empty vesicles (Ishizaki et al., 2000n mice, loss of GDIdisrupts the
distribution of proteins Rab% and causes enhanced shoerm plasticity and
impaired shorti SNY YSY2NER OLAKAT 1A SO It ®X wnan.
receptor accessory protein liKdL1RAPL), which is alseplicated in norsyndromic
XLID, inhibits calciitiependent exocytosis and neurotransmitter release, probably
via its interaction with neuronal calcium sensbi(NCSl), a protein associated to
hippocampal LTP and associative learning in C. elegans (&ealin 2001; Gomez
et al.,, 2001).Rab3 GAPwhich is mutated in the Warburg Micro syndrome
characterized by abnormal brain development and severe ID, limits the amount of
GTPRbound Rab3A (Aligianis et al., 2005). Mutations in the gene that encodes the
protein in mice cause inhibition of glutamate release and altered stesrh

plasticity (Sakane et al., 2006). Genetic loss of IBspnaptic proteins is associated
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with changes in presynaptic function, such as enhanced paiuge facilitation

(PPF) and sint-term synaptic plasticity (STP), while LTP is unaltered. Disruption of
ID genes, oligophrenin 1 (OPHN1) and LIM kinase 1 (LIMK1), which have established
postsynaptic function but are also detected mgnaptically, have also been
associated with alteredpre-synaptic mechanisms such as PPF or synaptic
depression (Meng et al., 2002; Govek et al., 200#lfaouiet al., 2007. However,

we should note that we do not know if zDHHQ@® more important for
palmitoylation of pre or post synaptic proteinstherefore both protein groups
should be examinedit would be interesting to study surface levels of GIUR and

NMDAreceptors and their presences in dendritic spines versus shafts

The search for novel zDHHC9 substrates might also benefit from analysis of cell
lines, for example, examining how knockdown or eggpression of zDHHC9 affects
cellular palmitoylation profiles. These complementary approaches may circumvent
issues such as secondary or compensatory changes that might occur in KO mice
through developmentStudying WT neurons wheeglhhc9s knocked out by siRNA
would be a valuable tool to delineate those issues. In addition to measuring
palmitoylation as a way of identifying zDHHC9 substrates, it may also be useful to
apply protein interaction studies, sh as cammunoprecipitation, puldown
experiments with recombinant proteins or more recent methodologies such as Bio
ID.

This study also included the first metabolomic analysis of Zdhhc9 KO mice
showing some common dysregulated metabolites between thentic@ and a well
known cause of IDRhenylketonurigd PKU)PKU is a genetic disorder characterised
by wurinary excretion of phenylpyruvic acidMeister, 1958) and 4
Hydroxyphenylpyruvic acid (Chalmers & Watts, 1974). Untreated PKU can lead to
intellectual disability, seizures and behavioural proble@s, 1970) Two main
pathways emerged as significantly dysregulated in KO mice: the pathway of

tryptophan metabolism and of phenylalanine, tynos and tryptophan biosynthesis
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with Phenylpyruvic and -#Hydroxyphenylpyruvic acid being highly increased in
Zdhhc9 KO mice. It would be useful to test if humans WiHHHC®utations show
excretion of those metabolites in urine. Metabolic profiling oksthiouse model can
add to our knowledge of studying biomarkers of ID, a field that not much research
has been conducted on. Moreover, it would be important to foHow the
metabolomic work conducted in this thesis and as a first step by increasing the
number of samples analysed. Apart from that, examining a range of developmental
ages would be useful in order to test if metabolic changes correlate in time with

corpus callosum changes.

Overall, this study provides useful information for the study ofhighlights a
key role for zDHHCO in brain development and behaviour, and supports the utility of
the Zdhhc9mutant mouse line to investigate molecular and cellular chanop®d

to IDand other deficits in the human population.

237



CHAPTER 8

8 Referenes

l RdzAt Wl KYFYXZ bao Y%odActited Protén Kinase Wicosphatdsa A G 2 3 S
Deletion Impairs Synaptic Plasticity and Hippocarp&l LISY RSy i aSY2NEB Q> ¢ K¢
Neuroscience, 36(8), pp. 23484. doi: 10.1523/INEUROSCI.38332016.

Abel, T. and[ F GOl X Yo® ad oOoHnnmO Waz2ftSOdzZ I NJ YSO
O2yaz2ft ARFGA2Y YR NBIUNARSOIf QS [/ dzNMBVWG: h LAY A
10.1016/S09591388(00)00194X.

| RFOKAXZ bd Bt YX b2 dtHlnivicDy Y T -adrenergicdRedeptof A 1S A
1 38420A1 SR 6AGK | b2@St LYGNY OSft fdzZf F NJ LGAYSN
2023246. doi: 10.1074/jbc.M116.725762.

Ahearn .M. et al. (2011)FKBP12 binds to acylated-tds and promotes depalmitoylation,
Molecular Cell, 4@), pp.173¢185.

l t SEFYRSNE '@ [® SiG Ff®d 6HANTO WS5AFTFdzAA2Yy ¢
4(3), pp. 316329. doi: 10.1016/j.nurt.2007.05.011.

Ali, A M.etaloHnmcy WYWaSilFo2t2YAO0 tNRFAfAYI 2F { dzo"
wStl GAPS LydsSyarte Ay 18HtdKe | Rdf GaQs
10.3390/metabo6010009.

Aligianis, I. A., et al. (2005) Mutations of the catalytic subunit of RAB3GAP causeg/Varbu
Micro syndrome, Nature Genetics, 37(3), pp. 228.

lfadarfraz - @ S Ftd 6Hnnam0 WbSdZNBRS@St 2LIVSY
RSTAOAGA Ay G(NIXya3aSyad YAOS 20SNBELINBaary3a

238



a8YRNRYSQ> | dz¥ | YGenetics,?2 f 1@z Fpp. 1948923.  doi:
10.1093/hmg/10.18.1915.

Anami, K, et al. (2010) Search for transmembrane protein in gastric cancer by the
Escherichia coli ampicillin secretion trap: expression of DSC2 in gastric cancer with intestinal
phenotype, Tk Journal of Pathology, 221(3), pp. 2284.

I L2t f2yAX | das Bul not-Kiashtraffica to the plasmé imembrane through the
SE208iGA0 LI GKgleQs az2fS0Odz I NI | ¢2887. @&:t t dzf | N
10.1128/MCB.20.7.2478487.2000.

BachMizNI OKA X | & SG Ffd o6nnnyo W9t S@niRERat SELINS 2
0KS ySdaNBylf fS@St Ay GKS R2NBEFIf YR YSRALFY
Psychiatry, 13(5), pp. 5%13. doi: 10.1038/sj.mp.4002143.

Baker, K. et al. (201599 LJAf SLJAex O23yAGABS RSTAOAGA |y
w5111 ¢ Ydzi I GA2yaQs !'yyl-69a 27F |/ f
doi: 10.1002/acn3.196.

CF11SNE /@ SG Ffo® omdppny  WCHNIagley ¥ Ménar dzi a7
wS i NRI A2y Q333 d®F 10.I016/0pIB6i74(34)905690 H o

Bakker, C.E., et al. (1994) Fmrl knockout mice: a model to study fragile X mental
retardation. The DutclBelgian Fragile X Consortium, Cell; 78(1), pp323

Bakler, C.E., Oostra BA. (2003) Understanding fragile X syndrome: insights from animal
models, Cytogenetics and Genome Research, 00(1pp. 11%23, doi: 10.
1159/000072845.

g K
a2 NR

No

f

CF11SNE ad® Wo S | ety auditoryiadle réflexy/addNSBitortS R
RA N

NEBFOGADGAGE Ay OKAtRNBY 6AGK FyEASGES
pp. 314322.

u»

Banerjee, S., Neveu, P., Kosik, K.S. (2009) A coordinated local translational control point at
the synapse involving relief from silencing an®®WIL0 degradation, Neuron, 64(6), pp.

871c884.

239



Barria, A., et al. (1997) Regulatory phosphorylation of AMPA glutamate receptors by
CaMKIlI during longerm potentiation, Science, 276(5321), pp. 2Q2045.

L FAGT ¢pI %KEY3II 2 OA b2 O YRLIES t IRRR =0 tWda 0Mdkntm
Hippocampus, 11(6), pp. 82831. doi: 10.1002/hipo.1098.

. bdzyz a® [ ® O6HaAamMcO WEKS bSdNRSGKAOA 2F .,
Bioprediction Means for Moral Responsibility, Justice, and the Nature of MBrkah 2 NR S NI =
Oxford Series in Neuroscience, Law, and Philosophy, 6(38),¢§6.45

.Fesazx "o SiG ftd ouHnmmO W KIFENIOGSNRAlIGAZY 2
KdzYl y Lzadaeyl LWAO RSyairieQx b £2d.dzNds b S dzN.
10.1038/nn.Z19.Characterisation.

. StAOKSY 12 bodt d>x SiG Ffd onHnndpd ¢KS WYWs5245y
Mouse Model to Confer Behavioural, Neurophysiological, and Synaptic Phenotypes
Characteristic of Down Syndrome, Journal of Neuroscience, R9p8 593848, doi:

10.1523/INEUROSCI.18.2009.

Belichenko, P.V., et al. (2007) Synaptic and cognitive abnormalities in mouse models of
Down syndrome: exploring genotyjphenotype relationships, Journal of Comparative
Neurology, 504(4), pp. 3295, da: 10.1002/cne.21433.

. SyySiiz ad YO SiG Fifd ombphoy WEKS adyialEAYy ¥
pp. 863873. doi: 10.1016/0098674(93)904664.

BergerSweeney, J. (2003), Using mice to model cognitive deficits in neurologic dsorder
narrowing in on Rett syndrome, Current Neurology and Neuroscience Reports, 3(3), pp.

1857.

. SNYFNRSGE ad YR [/ NHZAAZ2SE 2d 9d OHAncL WYCY!
CSIFidzNBaQsx ¢KS { OASY(AAW® dot: 2ONIOGEW.R02602RAY | f = c O ™

CKFGGFr OKEFENBEFS { @ SG |t ® 06Hnnassocittedngmobianel 2 T
protein (VAMP) family in Drosophila are functionally interchangeable in vivo for

7 Py

VSANBGNI YAYAGGSNI NBESHES | yR OS AdaderdyAdf 0 A £ A G ¢

240



Sciences of the United States of America, 99(21), pp. 3AB72. doi
10.1073/pnas.202335999.

Bienvenu, T, et al. (1998) Napecific XMinked semidominant mental retardation by

mutations in a Rab, GEd¢ssociation inhibitor, Human Molecul&@enetics, 7(8), pp. 13&%.

BirkenkampDemtroder, K, et al. (2002) Gene expression in colorectal cancer, Cancer
Research 62(15), pp. 4352363.

CAGOGYSNE {0 2AYZ -L860dAYVREDAZIGINE Y §P> O HgMA PR W
356. doi: 10.1007/80726005-01967.

Blanc, M, et al. (2015) SwissPalm: Protein Palmitoylation database, F1000Res, 4:261. doi:
10.12688/f1000research.6464.1. eCollection 2015.

AAAAA

. 22YyST td ad SG Ffd onnmnv WYsEmEeGhahgesby 2 F Of .
array @1 QX | dzYl y adzil (i §1342.30i:d01d02Mumb.21B80Jd Mo H C

. 24Ylyar CodX aAftSalddzz ad® FyR {glINITZ Yo Wo
YR LKFNYIFO2t238 2F a2RAdzY OKIyySfaqQs t NBOS
108(50), p. 2021%20218. doi: 10.1073/pnas.1108497108.

Bula, C.M. et al. (2005) Presence of a truncated form of the vitamin D receptor (VDR) in a
strain of VDRnockout mice, Endocrinology, 146(12), pp. 5831

. NI YOKAZ Lo S Ff ® 0Hnmcdion: Yoy lgene fo cogrtiReSt a 2
Fdzy OliA2y QY DbSdZNRPAaOASYOS | 2R pp. AX2ta58.K HoDA 2 NI f
10.1016/S0149634(03)0001&.

.NAIARAZI Do { Si | tcaenio by /DMHOS MediatesYAstivitgidcédl 0 A 2 v
Synapse Plasticity, Nature Neuroscience, 17(4), pg382 doi: 10.1038/nn.3657.

Brown, T. C. et al. (2005) NMDA recepdependent activation of the small GTPdRab5
drives the removal of synaptic AMPA receptors during hippocampal LTD, Neuron, 45(1), pp.
81¢94.

241



.dzaasSesx ¢d Wo S fd 6Hnny?d WeKS (2dzOKaONBSYy
0KS o0Said 2dzi 2F @&2dzNJ NI { QBbor, N.B.), Nay7 ppH&623. YSY 2 NB
doi: 10.1101/Im.987808.

.dzat2ax Co® Wd SiG Ifd ownmnoO Wt {5dpp &dzLILINBA
hippocampal neurons by occluding the clustering of NBR2B5 ! NB OSLII 2 NB QX t [ 2
doi: 10.1371/journal.pone @4037.

Camp, L.A. et al. (1994) Molecular cloning and expression of pakpitagin thioesterase,
Journal of Biological Chemistry, 269(37), pp. 23212

/ FYLBStES {P[ P SG Ftftd omdphpyd WLYONBFaiAy3da 02
Reviews)pp. 1395413. doi: 10.1074/jbc.273.32.19925.

Canfield, M.A. et al. (2006) National estimates and race/ethpécific variation of selected
birth defects in the United States, Birth Defects Research Part A: Clinical and Molecular

Teratology, 76(11), pp47-56.

/| aser tod Wo Si [fd ompy pd WtHmwlad La az2RATF;
National Academy of Sciences of the United States of America, 86(21), pr88323doi:
10.1073/pnas.86.21.8323.

Centerwall, S.A., Centerwall, W.R. @0Uhe discovery of phenylketonuria: the story of a
young couple, two retarded children, and a scientist, Paediatrics, 105(1 Pt 1),-pP389

/| KFAS { & Si{ I 3% adivityiinmsomatosbaini itdexd@umond regulatesRids
localization by repr@ a Ay 3 G(KS LI fYAdG2etldAazy SyievySzi 51
Academy of Sciences of the United States of America, 110(44), pp. -20898&loi:
10.1073/pnas.1317528116/

/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1317528110.

Chalmers, R.A., Wa, RW. (1974) Quantitative studies on the urinary excretion of

unconjugated aromatic acids in phenylketonuria, Clinica Chimica Acta, 55(3), pp4.281

242



/| KFYOSNIFAYZ [® 1 & YR . dzZNH28YyS> wod 50 0OmMPpc
protein vaiant and expression of cysteine string proteins in 968 dzN2 y' I f OSf f 4Q=Z
Biological Chemistry, 271(13), pp. 782823. doi: 10.1074/jbc.271.13.7320.

/| KEYOSNIFTAYZ [@ | & FyR {KALAG2Y Il @abdf Widk 2 ¢ HUE
Physiologsal Reviews, 95(2), pp. 3476. doi: 10.1152/physrev.00032.2014.

/I KFEys 1@ 20 SG FEd 6nunnt0d WYwSaiaiddepgrdéht 2 F  LINI
AYEFEOGAGIGA2YY 58yFYAO LI tYAG2et ! GAB)ypp.l YR @2
419¢425. dbi;: 10.1016/j.ceca.2007.04.009.

/| K YRNFYYyS Wod {d SiG It d 0Hn wssocia®d WrlisEnaples)S OA F A
20K Cfd2NBaOSyd LYIF3IAy3a 2F £ANIf tI NGAOESaA
Scientific Reports, 7(1), ppcll7. doi 10.1038/s4159817-152552.

/| KFELYIFYyZ 9¢ wod Si Fftd Sdmdhpcd WwWClFHdae 1 0t

Synaptosomes, Biochemical and Biophysical Research Communications, 225(1),3%. 326

| KI dZRKNBEXZ ' @ S |t ® 6HAaMpwith PICHE YydelalignsBn® & LIS C
0NHzy OF GAy3 Ydzil GA2ya AyOfdzZRSa AyidSttSOldz t F
Genetics, 88(3), pp. 22233. doi: 10.1111/cge.12482.

Chelly, J. (1999) Breakthroughs in molecular and cellular mechanisms underliyikgdX

mental retardation. Human Molecular Genetics, 8(10), pp. £833

Chen, R.Z. et al. (2001) Deficiency of metBylG binding proted2 in CNS neurons results
in a Rettlike phenotype in mice, Nature Genetics, 27(3), pp.c327

Chien, A. J. et alm(@pc 0 WLRSYGAFTAOF GAZ2Y 2 Ftypadalbidh G2 & I
OKI yy St oSGl HI ddzodzyAG YR STFFSOGa 2y OKIly
chemistry, 271(43), pp. 264686468.

Chung, H. J. et al. (2000) Phosphorylation of the AMPA receypbomit GluR2 differentially

regulates its interaction with PDZ domaiontaining proteins. Journal of Neuroscience,
20(19), pp. 725&7.

243



Chung, H. J. et al. (2003) Requirement of AMPA receptor GIuR2 phosphorylation for
cerebellar longerm depression, $ence, 300(5626), pp. 175

| AOK2y s { ® S l-spdcific @ryptdophan rhydioxyléde RITPK2): A functional
t NEHnc{ SNJ &dz ai A i dzi xegigh are ¢isRociaddd Mith [bipalag affective/ (i K S
RAA2NRSNRS | dzYl y a2t &Odzlol N1DBhyn§/ddmZBe.> MT O MO I

Comery, T.A. et al. (1997) Abnormal dendritic spines in fragile X knockout mice: maturation
and pruning deficits. Proceedings of the National Academy of Sciences of the United States
of America, 94(10), pp. 5404.

Contopouos-loannidis, D. G., Manoli, E. N., loannidis, J. P. A. (2005)avialgsis of the
association of bet&-adrenergic receptor polymorphisms with asthma phenotypes, The

Journal of Allergy and Clinical Immunology, 115(5), pp-7/263

Costa, A.C.,Walsh,lKY R 5 @A daz2y> ad ¢d ompppd Waz2i2N |
526y &a@yYRNRYSQI t Keéad? pp2 21&2209 doi: DKOIGHI0RBNE cy o
9384(99)0017&.

Coussonfkead, M.E., Crnic, L.S. (1996) Behavioral assessment of the Ts65Dn mouse, a
model for Down syndrome: altered behavior in the elevated plus maze and open field,
Behavioural Genetics, 26(19173.

/] 2ETX  Wo S I f & 0O H-wisien Labefkeé QaaduRdatiorS by tD&&edS 2 Y S
Normalization and Maximal Peptide Ratio Extraction, Termedc M&Cv Q> a2t SOdz |
Cellular Proteomics, 13(9), pp. 2525%26. doi: 10.1074/mcp.M113.031591.

I N} g6t S8 Wd bd ovnnntv 2KFEiQa 2NRy3a 2A0GK aé a
and Knockout Mice (Wiley, New York).

Curia, G. et al. (2009) Downregulatiohtonic GABAergic inhibition in a mouse model of

fragile X syndrome, Cerebral Cortex, 19(7), pp. 4815oi: 10.1093/cercor/bhn159.

5Q!'RFY2E taod SG Ffd Oomdpdy v a dalinkdd sé@ngpacifichA y D5 L
mental retardation. Nature Genetic§9(2), pp. 1349.

244



5Q! RFY2X tod S Ftftd 6Hnnu0 58tSGA2y 2F GKS Y!

memory and alters social behavior in mice, Human Molecular Genetics, 11(21), pp8@567

5Q1 2238 wod S Ff ® 6 wmdpderfamaaca in RdleFmA XnodlkdutNB R 4 |
mice, Neuroscience, 76(2), pp. 3GB.

5Q1 223S> wd YR 5SS 5S@ys td td® ouvnnamou ! LIIH A C
learning and memory, Brain Research Reviews, 36(1), pP0.60doi: 10.1016/S0165
0173(01)@067-4.

5Q1 2238 wod SiG Ffd omMmbpdpTy Waif Rfe& AYLIFANBR
YAO0SQX b SdzNP & OAxF¢. Gof 20.1616/90808522(96)D0R24L0 C T

Davare, M.A,, et al. (2001) A beta2 adrenergic receptor signalling complex assevithle

the Ca2+ channel Cavl.2, Science, 293(5527), gp0D8

5 gAa>X ad o6HnncL WbSdaNIf aeadisSvya Ay@2f @SR
LR GSYGdALFrGSR aidl NIt SQY ¢KS cI5SNAOIY t ae OK2ft 2

Davisson, M.T., et al. (1993) Segment@omy as a mouse model for Down syndrome,

Progress in clinical and biological research, 384337

58 . AYyZ wos I SNRtRZI ¢ |yR .2dzZ S&GSAEZT ! & |
|t

O

Specific issues related to validation illustrated by two cadeR#h S& QX . a/ aSRA
Methodology, 14(1), pp.cR3. doi: 10.1186/147228814-117.

5St1X Cod S Ftd ownnnov W{eyldAizAoNBIAFy 23083
Nature Cell Biology, 6(11), pp. 1%0208. doi: 10.1038/nch1185.

DelBeato¢ > ! @ ! @ S6unmn0 Wt 20SYyaGAlFt . A2YIFN] SNE 1
{GdzRe Q> | SNERAGINE DSy16844.200043B. 0600 P R2AY mMndn

5SyF&@SNE 9 SG ftd ouHnmuHO Wbw! { Ydzill A2y a A\
3(1), pp. 3¢38. doi 10.1159/000338467.

Derkach, V., Barria, A., and Soderling, T. R. (1999) Ca2+/calrHoda$ia 11 enhances

channel conductance of alpkamino-3-hydroxy5-methyl4-isoxazolepropionate type

245



glutamate receptors. Proceedings of the National Academy of Sdasfahe United States
of America, 96(6), pp. 326B4.

DiAntonio, A., et al. (2001) Ubiquitinatialependent mechanisms regulate synaptic growth
and function, Nature, 412(6845), pp. 489.

5ALas 5 !'®d FyR Y2FfXI ¢& 0OHrdisation ad 2 INS & &
{AIYATAOIYOS Ay CdzidzNB / f Ay A Ol B43 [AvadaBldNdt: (1 2 NBE  a
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5282916/pdf/ejifer-
331.pdf%0Ahttp://mww.ncbi.nim.nih.gov/pubmed/28149265%5Cnhttp://www.pubmerc
tral.nih.gov/articlerender.fcgi?artid=PMC5282916.

Dierssen, M., et al. (1997) Alterations of central noradrenergic transmission in Ts65Dn

mouse, a model for Down syndrome, Brain Research; 749(2), pp4£238

SAN]JEZ wo SiG | f o é&bdaishiorm of ltitamicEaSidi decaBoxytade toli KS ¢
intracellular organelles is mediated by its interaction with the NtdBminal region of the

65151 Aaz2F2N)Y 2F 3Jtdzil YAO | OAR RSOFINb2zE&fl &$
2246. doi: 10.1074/jbc.270.3241.

Duncan, J.A., Gilman, A.@998) A cytoplasmic aegtotein thioesterase that removes
palmitate from G protein alpha subunits and p21(RAS), Journal of Biological Chemistry,
273(25), pp. 15830.

Dunn, H.G., MacLeod, P.M. (2001) Rett syndrome: wewiebiological abnormalities, The

Canadian Journal of Neurological Sciences, 28(1), g@916

9Kt SNAZ a® 5 oHnnnv WwSAYyaSNIAzy 2N RSINI R
RSLISYRSYyild SyR208GA0O &2 NI i57d Qo 160.190UE08¢ > HY O
6273(00)0012.

Ehlers, M. D. (2003) Ubiquitin and synaptic dysfunction: ataxic mice highlight new common

themes in neurological disease, Trends in Neuroscience, 26(1)};/pp. 4

Eichenbaum, H., Clegg, R.A., Feeley, A. (1983) Reexamination anfanstibdivisions of
the rodent prefrontal cortex, Experimental Neurology, 79(2), pp-8B4

246



9t FSNAY{1Z [P ! dX ¢NAYOf ST 2 das§odatetl pidgnbrdn®K St f S
protein genes are differentially expressed in the rat central nendo@sa 4 SYQX ¢ KS W2 d:
biological chemistry, 264(19), pp. 11@@1 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/2472388.

EH dzZaaSAYAS 1 & 90® 50 FyYyR .NBRGZ 50 {d OHANHO
RSGSt2LIYSYyd | yR avienysONewdSglecE, 3(0), (ipgzNgBD2. veoi:
10.1038/nrn940.

EH dZAaSAYyAS 1 & 9 5 S Ffd 6HnnuO WYW{&yl LWKGAO
bp QX / St f X ¢868ndpinlo.10E6/SN00IS74HD)0MHESD.

ElHusseini, A. E. et al. (2009)5 dzI £ LJ f Y A (95 énédiatéshitd yesicBldubulaf 5
a2NIAYy3IS LRaAGAYIFLWGAO GFNBSGAYIATI YR A2y OKI
pp. 15%171. doi: 10.1083/jcb.148.1.159.

Epstein, CJ. (1995) Down syndrome (Trisomy 21). In: S@Reet al. The Metabolic and

Molecular Basis of Inherited disease, pp. @34.

9A02NAKdSStE X waod ad Sand longiebm Hamdrgin 0s65Dm nvidellaA NB R
Y2 RS f F2N) 526y &A8YRNRBYSPQRB)), fpS dnwma CbiSy OS
10.1016/S084-3940(98)0031%.

Esposito, M.S. et al. (2005) Neuronal differentiation in the adult hippocampus recapitulates

embryonic development, Journal of Neuroscience, 25(44), pp. 18674

Cry3az [/ & S -rhetliated paimitaylation olM3EAB/AA) recepds required for
y 2 NI € FaasSyvyof e YR Fdzy QlAzy 2F D!.!SNHAO
neuroscience, 26(49), pp. 12782768. doi: 10.1523/JNEUROSCI.428.2006.

Fotaki, V., et al. (2002) Dyrk1A haploinsufficiency affects viability and caasslsgmental
delay and abnormal brain morphology in mice, Molecular Cell Biology, 22(18), p46636

Friez, M. J. et al. (2006) Recurrent Infections, Hypotonia, and Mental Retardation Caused by

Duplication of MECP2 and Adjacent Region in Xg28, Paeslidtti8(6):e168B5.

247



Fu, A. K. et al. (2011) APCCdhl mediates Edbpdndent downregulation of AMPA

receptors in homeostatic plasticity, Nature Neuroscience, 14(2), pg 181

Cdal FGFE ad SG | f d odupn mnkof YRLIRSVE G AGBAVZS)(iph/2] Y& Y2574 |
987¢996.

CdzZltadrz @ YR CdzZltGFZ ad® ovHnamnld Wt NRGSAYy |

aeytLIAO LXIFadAOAGeQE bl GdNE w@BA Sdi:a b Sdz
10.1038/nrn2788.

DF2YX Wod S Ffd onnmno WandpRgichy via SIRTLKmdlmdR NB 3 dz
MonQX bl GdNBX qdWeotTomnous LILIP mmnap

Gautam, V., et al. (2013) Nedd4 is a specific E3 ubiquitin ligase for the NMDA receptor
subunit GIuN2D, Neuropharmacology, 74, pp;H&/.

Genin, A., et al. (2001) Regulated expren of the neuronal calcium sensbrgene during

longterm potentiation in the dentate gyrus in vivo, Neuroscience, 106(3), pp-7/571

DS@AS Cod SG Ffd OoHnmMcO W NAYFENEB YSOlFo2t2YA(
abnormal tryptophan and puriney SGF 62t AaYQx a2t SOdzZ I NJ ! dzi A 3
10.1186/s1322916-01095.

D2f RAGSAYyZ Cod . d ompcmM0O W. A20KSYAOL { G dzR
| @ LISNLIKSy &t ftFySYAlI Ay GKS NIGQI ¢KS cW2dzNyI
2661.

Gomez M., et al. (2001) Ca2+ signaling via the neuronal calcium sénsegulates

associative learning and memory in C. elegans, Neuron, 30(1), p8.241

D2yy2NRS to® S Ff® O6HANGDO Wt | f-yated ehanhdl, G A2y
controlsitsexpréa aA 2y YR Faa20AFGA2Y GAGK fALJAR NI Fi
805. doi: 10.1096/1].08.14637.

Govek, E.E., et al. (2004) Thenked mental retardation protein oligophrenih is required

for dendritic spine morphogenesis. Nature Neurosciefi¢é), pp. 36472.

248



DN} @o0ASEtX !'d ad ounnnd WEKS . &l €1 Bdi:y3at Al Q
10.1007/9783-319-427430.

Greaves, J. et al. (2008) Palmitoylation and membrane interactions of the neuroprotective
chaperone cysteinstring protein Journal of Biological Chemistry, 283(36), pp. 25244
doi: 10.1074/jbc.M802140200.

DNBI @Sasx Wo SiG fd ovHnmtO Waz2fSOdzZ | NJ-01 &A &
I Ot NI yAFSNI aSa NBGSIESR o0& Of AMGdempP&S YA adN
Sciences, 114(8), pp. E1863.374. doi: 10.1073/pnas.1612254114.

GubitosiY f dz35 w® ! @3 al yOdzaz2s 5® Wd YR DNRaaszx
palmitoylated, modulating voltage sensing: ldentification of a palmitoylation consensus
seqzSy 0SQ>x t NPOSSRAy3Ia 2F GKS blraAazylt 1 OFRS
America, 102(17), pp. 5968968. doi: 10.1073/pnas.0501999102.

DdzAf ft SYAYyET Do® Wo Si |fd SdvHnnp0d WLYR2f S YA
LYYdzy 2 NBI OGAGAGRE&SIyaS fHRKINZSNRIIZAR T b S dzNR LI
Neurobiology, 31(4), pp. 38804. doi: 10.1111/j.13682990.2005.00655.x.

DdzyoSez |1 & tod SiG Fftd ownmt0 W{GNHOGIzZNI f 0N
childhood evaluation by DTl and volumetrican8iys Q> 9 dzNR LISy wl RA2f 238 :
3021. doi: 10.1007/s0033016-46266.

Ddzy RSNBESYS /o . ® Si td omddno WIOEGSYyaArdsS f
Journal of Biological Chemistry, 269(30), pp. 1919799.

Gutierrez, L. et al. (1989 Wirafiskatibnal processing of p21ras is tstep and involves
carboxyimethylation and carboxji SNX¥ Ay I £ LINRP(1S2f@aAraQr ¢¢KS 9a.
1098.

Guy, J., et al. (2001) A mouse Mecp2ll mutation causes neurological symptoms that

mimic Rett syndrome. Nature Genetics; 27(3):382

249



| FASNXYIYS wd WP YR | FISNX¥IEYS td WO OHAAHO L
F2ft RQX [/ dZNNByld hLAYyA2Yy Ay DSyS@wdadoi:l yR 5
10.1016/S0959137X(02)0029.

Halgren, C.& I f ® O6HnmMHUO W/ 2NlJza OFfft2adzy Foy2NYl
AYLI ANXY¥SYyGS FyR FdziAaY Ay LI GASyGa sAGK KI L
82(3), pp. 248255. doi: 10.1111/j.1399004.2011.01755.x.

Hall, B., Limaye, A., Kulkani ! ® . ® 6Hnndpv WhBSNIBASsY DSYySNI
Current Protocols in Cell Biology, Chapter 19:Unit 19.12, ppl7.1 doi:
10.1002/0471143030.ch1912s44.

| ' YRFYYS C® Co® Si Ffd onwnndpv W5S y202 {¢. .
nonsyndromicS LA £ SLJae Q> ! yy I £ & 2753 .bds deNBOR/2na.21625.c p 6 ¢c U X

Hammerle, B., et al. (2002) Mnb/DyrklA is transiently expressed and asymmetrically
segregated in neural progenitor cells at the transition to neurogenic divisions,

Developmental Blogy, 246(2), pp. 259 3.

Iy W & S |t d 0HnnwmTlinkediteleStuaFdisabiityiwithde G A Sy
novo ZDHHC9 mutation identified by targeted rex8 Y SNI G A2y &SI dzSy OA y 3
Journal of Medical Genetics, 60(10), pp. ¢™®. doi: 10.1016/j.ejmg.2017.07.002.

| Fy0201Z Wod Cod SiG Ftd dmhpydd Wit NIFa LINERIG
LI f YAG2et | GSRQ31177Sdoif 1D.1016/009867Z(89)AMNIEBB. M M C T

| oNEER2aOT = ad Wo S I ®hensiveratias af the ddultyhuntary | G 2 Y A
NI AY NI yaONR LI 2 YS QEo9bdbiilaAaESmatured @AM mc 0 = LILID

Hayashi, T., and Huganir, R. L. (2004) Tyrosine phosphorylation and regulation of the AMPA
receptor by SRC family tyrosine kinases, Jourhleuroscience, 24(27), pp. 6162.

| 8FaKAZ ¢®F wdzYol dz3KE D® FyR |1dA3FYANE wo
NEOSLIi2N) adzodzy Al GNI FFAOLAYI 68 LI YAGizetl GAa
723. doi: 10.1016/j.neuron.2005.06.53

250



|8 A3KAZ ¢ ¢K2YIasX D® ad FyR 1 dAFYANE wo
wS3dzA F iSa bas! wSOSLIi2NI ¢N} FFAXQ AgoEQS b S
10.1016/j.neuron.2009.08.017.

| SAtA0GSRGZT 1 & | &3 { KI Kol Tila hypobniasada peegentatighR [ S S 3
2F wSil A48yRNRYSQS ! YSNAOIY W2dzN@42fdoi2 ¥ a SR
10.1002/ajmg.10633.

Herbst, DS, Miller, JR. (1980) Nonspec#Himkéd mental retardation. Il: the frequency in
British Columbia, Americaournal of Medical Genetics, 7(4): 4@

| Saax 5 ¢d Si | f > 0O mabapoiated ptoteii SNABfis the Bidjor & & v | LI
methioninerich polypeptide in rapid axonal transport and a major substrate for
LI £t YAG2@t L GA2Y Ay MeRogtidhnce/1B(I2Q@p. 463#681. W2 dzNy I £ 2 F

Hevner, RF, et al. (2006) Transcription factors in glutamatergic neurogenesis: conserved
programs in neocortex, cerebellum, and adult hippocampus, Neuroscience Research, 55(3),

pp. 22333.

| 25 D@ t & Sitrosylatiodand Saimitoylationdtgciprocally regulate synaptic
targeting of PSEhp ® Q3 b $ dzNR y &l41.7dwi:610.0016/j. nelish. 2081005.033.S

Nitrosylation.

Holtzman, DM, et al. (1996) Developmental abnormalities and - agelated
neurodegenerationin a mouse model of Down syndrome. Proceedings of the National

Academy of Science USA, 93(23), pp. 18833

Huang, K et al. (2004) Huntingimeracting protein HIP14 is a palmitoyl transferase
involved in palmitoylation and trafficking of multiple nema proteins, Neuron, 44(6), pp.

977-86.

Huang, K, et al. (2011) Witgpe HTT modulates the enzymatic activity of the neuronal
palmitoyl transferase HIP14, Human Molecular Genetics, 20(17), ppc3365.

251



| dzNX S Wo | & Si | & foviieRd FWRrS MBT S b FOXK)
Proceedings of the National Academy of Sciences of the United States of America, 97(16),
pp. 929%9298. doi: 10.1073/pnas.160589697.

Insausti, AM, et al. (1998) Hippocampal volume and neuronal number in Ts6BBnan

murine model of Down syndrome, Neuroscience Letters, 253(3J8.75

Ishizaki, H, et al. (2000) Role of rab GDP dissociation inhibitor alpha in regulating plasticity
of hippocampal neurotransmission, Proceedings of the National Academy of Science USA,
97(21), pp. 115812.

LglasSs {o® Si Ff & 06 Hinkeddniellettlal Disabitigh Asocae®R \Bith 2 F
LYLI ANBR wSY2@If 2F 1 Aaid2yS aSigdm.Iddiiz2y Qs
10.1016/j.celrep.2015.12.091.

Jenkins, M. A., and TraynelS. F. (2012) PKC phosphorylates Gli$&t831 to enhance
AMPA receptor conductance, Channels (Austin), 6(1), pg. 60

WSYyyAy3daszs .o [/ & |yR [ Ay RSINGDsferases Wabsimilan pimgH 0 W5
pong kinetic mechanisms but display diffetekcyt/ 2! & LISOATFTAOAGASEA QT W2
Chemistry, 287(10), pp. 728B245. doi: 10.1074/jbc.M111.337246.

WAYRFES I & Y& SiG Ftftd 6Hnny 0 -déperdieniipothebiyid £ | G A 2
channel Kv1.5: COGerminal palmitoylaton modulf8a A dGa o0A2ft 23AO0I f
American journal of physiology. Heart and circulatory physiology, 294(5), pp. &22021.

doi: 10.1152/ajpheart.01374.2007.

Johnston, M.V., et al. (2001) Neurobiology of Rett syndrome: a genetic disorder of synapse

development, Brain Development, 23(1):S2063.

Johnston, M.V., Hohmann, C., Blue, M.E. (1995) Neurobiology of Rett syndrome,
Neuropediatrics, 26(2), pp. 1822.

Joneson, T. and B@rt 3AX 5® omMmppTy WYwla STFFSOG2NER |y
2y 023SySanaor MoldlazNIedicine, 75(8), pp. 5&0O3. doi:
10.1007/s001090050143.

252



Jurd, R., et al. (2008) Mind bor2bis an E3 ligase that ubiquitinates theniéthylD-
aspartate receptor NR2B subunit in a phosphorylatiependent manner, Journal of
Biological Chmistry, 283(1), pp. 3G{310.

Kang, J.U., et al. (2008) Gain at chromosomal region 5p15.33, containing TERT, is the most
frequent genetic event in early stages of remall cell lung cancer, Cancer Genetics and

Cytogenetics, 182(1), ppgll.

Kang,R.etdl 6Hnny 0 WhHISNIENG §2 A Gar ANR@SI fa ReylYAO &
Nature, 456(7224), pp. 9@909. doi: 10.1038/nature07605.

Kato, A. S., et al. (2010) TARPs differentially decorate AMPA receptors to specify

neuropharmacology, Trends in Neuctence, 33(5), 24248.

YSEESNE /o ! S Ffd 6Hnnnov WeKS 3IAFYYlFH adz
LI £t YAG2efLGA2Y o0& Dh5%odQ> ¢KS wesaaydoif 2F
10.1523/JINEUROSCI.1@B7,2004.

Khandjian, E.W. (1999) Biologfythe fragile X mental retardation protein, an, RNiAding
protein, Biochemistry and Cell Biology, 77(4), pp.c321

Khelfaoui, M., et al. (2007) Loss ofinked mental retardation gene oligophreninl in mice
impairs spatial memory and leads to ventl@r enlargement and dendritic spine

immaturity, Journal of Neuroscience, 27(35), pp. 90

Klug, A. and Rhodes, D. (1987) Zinc fingers: a novel protein fold for nucleic acid recognition,

Cold Spring Harbor Symposia on Quantitative Biology, 52, piB273

Y20KE ad® OMphpo WeKS ySdNRPoA2f 238 228G NIt S
doi: 10.1016/S030:0082(98)0009¢.

Y2283 wd Cd oHnnov WhT YAOS FyR (GKS TN IAES
154. doi: 10.1016/S0168525(03000179.

Kristensen, A. S., et al. (2011) Mechanism of Ca2+/calmediefiendent kinase Il
regulation of AMPA receptor gating, Nature Neuroscience, 14(6), pja.7387

253



Large, V., et al. (1997) Human b&aadrenoceptor gene polymorphisms are highly
frequent in obesity and associate with altered adipocyte b2tadrenoceptor function,
Journal of Clinical Investigation, 100(12): 3308.3.

LaSalle, J.M., Yasui, D.H. (2009) Evolving role of MeCP2 in Rett syndrome and autism,
Epigenomics, 1(1), pp. 1430, doi 10.2217/epi.09.13.

Lavezzari, G., et al. (2003) Differential binding of the Aldlaptor complex and PSI5 to
the Gterminus of the NMDA receptor subunit NR2B regulates surface expression,
Neuropharmacology, 45(6), 7¢8B37.

[ ST | © Yo §phorylatiorsof therAMRAoréceptBit GRUR1 subunit is required for
a8yl LIAO LIXIFaadgAOAGe YR NBGSY(A2e¢43.2d6: &L GA
10.1016/S0098B674(03)001223.

Lejeune, J., Gautier, M., Turpin, R. (1959) Study of somatic chromosame8 fmnongoloid

children, Comptes rendus de I'Académie des Sciences, 248(11), pp2.1721

[ SY2YARA&Z Yo S -acylatioh machimem comprisés ZDBHCDRRZHNTR4A with
major differences in substrate affinity andSO& f I G A 2y I OBidlogyiofitRe®@all, a 2 f S C
25(24), pp. 38763883. doi: 10.1091/mbc.E106-1169.

[ Sgesx ' ® 50 SG Ifd ovHnmmO W{ dzoOSf f dzf I NJ D2f
LINEPY2G§SR o0& | aLISOAFTFAO aStG 2F 511/ LIHEtYAl2el
22(11), pp. 19361942. doi: 10.1091/mbc.E100-0824.

[AZ & SG fd 6Hnmn0 W51 | /-spnaptic/déanSids @SEEE) ¢ A (1 Kt
LINEGSAY FYR LXFaa I NRES Ay fSENYAY3 FyR Y$)
pp. 1302213031. dai 10.1074/jbc.M109.079426.

[ A |, @ S HEE pioteid paimitaylates BElR and is rapidly degraded on
AYRAZOGAR2Y 2F ySdNBYLf RAFFSNBYGALGARZY Ay Od
287(1), pp. 528530. doi: 10.1074/jbc.M111.306183.

Lin, A., et al. (2011) Neddadediated AMPA recept ubiquitination regulates receptor

turnover and trafficking, Journal of Neurochemistry, 119(1§387

254



[AdzZz td SG FEd 6HamcOd WtlfYAdlG2etl Ot NI ya¥Fs
LROGSYdAlLf 2F 2y 023Sy A0 ch2BaldadiQif.10p88e0z2085283: = o nd p

[2062F {® SiG Ftd oO6HnnuHO WLRSYGATAOIGAZY 27
OSNBOAAALFSQS W2dNY I f 2F . A2f 2@&KT fdoi: /| KSYA ¢
10.1074/jbc.M206573200.

w» ()
R QX

Logue, S. F., Paylor, R. and Wehneg @ o mMddpT 0 WI ALILIR2 O YLI f f
deficits in inbred mice in the Morris water maze and conditiofe& I NJ G a1 QX
Neuroscience, 111(1), pp. 1113. doi: 10.1037/0735044.111.1.104.

Lu, W., and Roche, K. W. (2012) Posttranslatiorlla¢gion of AMPA receptor trafficking
and function, Current Opinion in Neurology, 22(3), pp.&4H®.

[ dZRSNEZX 9T ¢K2YLlA2YyZX tod ad |yR ¢23FT | o 2
[ Fff2adzy Ay GKS 1 SFfdKe | dzYly p.NOISHRIAI. W2 dzNY |
doi: 10.1523/JNEUROSCI.50222010.

Lumbreras, M.A. et al. (1995) A behavioral assessment of Ts65Dn mice: a putative Down
syndrome model, Neuroscience Letters, 199(2), pp. ¢643doi: 10.1016/0304
3940(95)12055.

Lundberg, S., Frylmark,,AegOlofsson, O. (2005) Children with rolandic epilepsy have
abnormalities of oromotor and dichotic listening performance, Developmental Medicine &

Child Neurology, 47(9), pp. 6&08.

Lussier, M. P., et al. (2012) Ubiquitin ligase RNF167 regulates AddBftormediated
synaptic transmission, Proceedings of the National Academy of Sciences of the United

States of America, 109(47), pp. 19426431.

Lussier, M. P., Nasdishimura, Y., and Roche, K.W. (2011) Actdefyendent
ubiquitination of the AMPA meptor subunit GluA2, The Journal of Neuroscience, 31(8), pp.
3077-81.

[y SEZ /& bod S td Oonwnnno Wi 2vyz2le3zarite T2

glutamate decarboxylase in a family with autosomal recessive spastic cerebral palsy:

255



parallelswith Stiftt SNE2Yy {@yYRNRYS YR 20KSNJ Y28SYSyi R
p. 20. doi: 10.1186/1472377-4-20.

Mabb, A. M., and Ehlers, M. D. (2010) Ubiquitination in postsynaptic function and plasticity.
Annual Review of Cell and Developmental Bial@gy pp. 17§210.

al3SSs '@ L® Sl Fftd OmMmpyNDd APREYIEKSO 9L hi & 2 ld:
pp. 335%7.

al YYSy=Z ) [ X Si It @ 0 M b Amino-3-hydiddrs LIK 2 NE f
methylisoxazolesropionic Acid Receptor GIuR1 Subunit bylciQm/ Calmodulin

dependent Kinase I, Journal of Biological Chemistry, 272(51), pp.-32528

alyairtftr Co SG Ifd 6HAnATLOL WSAFTFSNBYOGALE SE
AyahalrotsS Kdzyly 02t 2NBOGHE O y M), ppdABIBNE dzLJa Q!
1903. doi: 10.1038/sj.bjc.6603818.

alyazdNE { ] P ¢K2YlFaX YoOwdS / |-bdboedKiZ a dwP
in mouse embryederived stem cells: a general strategy for targeting mutations to-non
aStSOGFofS BHELE)H TP>34B5P. daizNIB(38/332141a0.

alyazdNAZ ad wod SiG fd 6Hnnpy W 2aa 2F %51 |
N} yat20FGA2Y (6 TMpUOO6ljModoTOSYO YR &SOSNE
human genetics, 13(8), pp. 9¢®77. da: 10.1038/sj.ejhg.5201445.

alyaAz {® SG Ftftd ovnmyd WLYTFEFYYFG2NE O0AZ2YL |
526y a@YyRNRBYSQIX W2daNYyIlf 2F LydGSt8H0doidzl £ 5A4A
10.1111/jir.12470.

MasuretPaulet, A. et al. (@nv WI9ELI yRAY3I (GKS OfAyAOlf LK
W51 1/ ¢ Ydzil GA2Yy QY | YSNRAOIY W2 dzNyE785. dbiF a SRA
10.1002/ajmg.a.36348.

alad2lz 1 ® SiG Ff ® 6Hnnp GSHRPAHGtoSN S yeieeningat y 2 F
dominant phenotypes in alargg OF € S 9b! Ydzil 3SySaAaa LINEINI Y
16(11), pp. 828837. doi: 10.1007/s0033605-2430-8.

256



Matsuda, S., Mikawa, S., and Hirai, H. (1999) Phosphorylation of -8&Mna GIuR2 by
protein kinase C prevents its C termafrom binding with glutamate receptenteracting

protein, Journal of Neurochemistry, 73(4), pp. 1q6B68.

albdzZ Al to Y® SiG Ffd onnmm0O Wt Nadistcdy OS 2
populationd F A SR A0 dZRASA QT wSa S HINDIRQRApp. 4586 Bci: 2 LIY Sy i
10.1016/j.ridd.2010.12.018.

aOllftSE 5 tod Si Ffd omphpdpy V! I3SyS F2NJ I dz
palsy maps to chromosome 2g24p Q> ! YSNAOlL Yy 22dz2NyIf @F Kdzyl
32. doi: 10.1086/30237.

aOYAyySezr Wo S boffinftign matationnig dryptdphan Hydakyase 2
segregating with attentioR S FA OA 1k K@ LISNI OGA @A Ge@ RA&A2NRSNDXI
365¢367. doi: 10.1038/sj.mp.4002152.

aSAAGSNE ! @ OMOPPYIWKNE RBYQT LB SIRAGPOEINKI A H MO MO

Meng, Y, et al. (2002) Abnormal spine morphology and enhanced LTP il kildickout
mice, Neuron, 35(1), pp. 1233.

Milligan, G., Parenti, M., Magee, A.l. (1995) The dynamic role of palmitoylation in signal

transduction, Trends in Biochemical Sciences, 20(5), pp7 181

aAf ySNB22R: ! ® Wd Si Ffd onwnmod WaSY2NE | yR
YAOS®Qs t NRPOSSRAy3Ia 2F (GKS blrdAiazylft ! OFRSY®
110(50), pp. 2028;20301. doi: 10.1073/pnas.1222384110.

aAyYRSNI I wo . & -Bydroxyindofeacétia grid ana whdle bldog derbidnin p
FYyR GNBLIGZ2LIKEY AY FdziA&ZGAO YR y2N¥PO adoes
doi: 10.1016/00063223(87)90003.

aAySdNE , & {® SiG [fd ovHnnuO W. SKIGA2NIf | yR
1y2012dzi Y2dza8Qs | AQMBHoiO10.YUORIKEPE 100086 M0 =  LILID o o

257



aAlOKStEtX 5 'd SiG Ifd ounnclO WtNRGSAY LI ¢
acyltrari T SNIF aSa Q> W2dzNy I 2 F¢l108 ddii R.119&ERS000D K > n T «
JLR200.

aAlOKSttx 50 !'®d SiG FEd OnHAamMnO Wadzibh GA2y T |
two-step reaction mechanism for protein palmitoylation by DHHC enZy@e W2 dzNJ/ |
Biological Chemistry, 285(49), pp. 38488114. doi: 10.1074/jbc.M110.169102.

aAlOKStts 50 | & S Hifked infehecuandisabiiagent, [zDHHEY & A Y
FEGSNI Fdzi2LIh € YAGR2EEFGARZY | OfBbibgicdl CliemistiRA & G A Y
289(26), pp. 1858218592. doi: 10.1074/jbc.M114.567420.

aAlGOKStEtX {® YR .dzyRS@Z {d omdphpTt0 W{adYYSiNE
LINPOIF6fS AYKSNAGSR &aLI aiA0 OSNBONIf LI faeaqQ:x

MoS&a OKf SNE Wod . & YR {KS@Stf>X ad ownmno WY/ 2
LydSttSOldzrf 5AaloAfAGe 2N Df 20l §eSBSt 2 LIV S
doi: 10.1542/peds.201-4839.

a2ZNNAaAazZ wd DD Oompy pv d¢Véekgtive idipadindentLdt daitdghradsh G & |
and blockade of longerm potentiation in vivo by the MnethytD-aspartate receptor
FydlF3z2yArad 'tpQ ¢KS W2dzNBOBA 2F b SdzZNPAOASYyOS

Mukai, J., et al. (2004) Evidence that the gene encoding ZDEWh@®utes to the risk of
schizophrenia, Nature Genetics, 36(7), pp.-325

Murphy, J. A., et al. (2014) Phosphorylation of Ser1166 on GIuN2B by PKA is critical to
synaptic NMDA receptor function and Ca2 signalling in spines, Journal of Neuroscience,
34(3), pp. 868879.

adzZNNI &8z ! ® Wao S -poditide intermmeunors (of the tpieflidl CodtakY A Y
AdzZLLI2 NI 62Nl AY3I YSY2NE FyR O23yAiGAOEI4TE SEAG.
doi: 10.1038/srepl6778.

Na, C. H., et al. (2012) Synaptrotpin ubiquitination in rat brain revealed by antibody

based ubiquitome analysis, Journal of Proteome Research, 11(9), pp32722

258



bFrR2f 41AX a® Wd YR [AYRSNE ad® 9 OoHn@aTU0 Wt N
5210. doi: 10.1111/j.1742658.2007.06056.x.

Naidu, S. (1997) Rett syndrome: a disorder affecting early brain growth, Annals of
Neurology, 42(1), pp.@30.

bFlFa2AYFES Wo 84 Ftd 6HAMplO W58 y2¢2 99CM! H
features, intellectual disability, dzi A aGA O o0SKI GA2NA | yR SLIAf SLHAS
356¢361. doi: 10.1111/cge.12394.

bStazyzx [ & SG Fftd onwnnpv W[ SFENYyAy3a IyR YSyYyz2
study using animad  a SR G &1 & QX -PsynidphadBazciogy dyBioldyiSaizNP
Psychiatry, 29(3), pp. 44853. doi: 10.1016/j.pnpbp.2004.12.009.

bAStasSys 5 ad SiG Ftd onHnnuo W ftGSNIGA2YyE A
Ydzi | yG Y2dzaS Y2RSta 2F FNIIAES - clad@yfRNRYSQ
10.1016/S00068993(01)03304L.

b2NAGEFE1SET Wo SiG Ffd onHnndd Waz2oAf SensBivel /LI f
synaptic targeting of PShp QX W2 dzNJ/ |- § 27 / St f¢160. Ho2 f 2 38 =
10.1083/jcb.200903101.

b2NIKIFYX D® .tebherBispheticftegnpotaHabevcennectivity yredicts language
AYLI ANYSYd Ay FR2t8408yia 02Ny 3MO0BNEGISNY Q=
10.1093/brain/aws276.

hQ52¢6RX . ® Codx Si I ® 0™ dgadednergic receptok m@adidnl G A 2 Y
of Cys341 in the carboxyl tail leads to an uncoupled nonpalmitoylated form of the receptor,

Journal of Biological Chemistry, 264(13), pp. t3649.

Ohno, Y. et al(2006) Intracellular localization and tisssigecific distribution of human and
yeast DHHC cysteirch domaincontaining proteins, Biochimica et Biophysica Acta,

1761(4), pp. 47483.

259



hKGFX 9 SG fd 0Hnnov WL RSyAiNowehrOflaiedGolgi | YR/
t NEGSAY ¢KIFIG LYGSNYOGa ¢gAGK D/ twmMTnQX ¢W2 dzNY | |
51967. doi: 10.1074/jbc.M310014200.

hKel Yl ¢& Si [-ihtepacting pratein 44, diphlohibyl thagsiase yequired
forexocytosh | yR GFNASGAYy3 2F /{t G2 aeylLWGAO @Sa
1481¢1496. doi: 10.1083/jch.200710061.

Okui, M., et al. (1999) Higavel expression of the Mnb/Dyrk1A gene in brain and heart
during rat early development, Genomics, 62(#), 16%;71.

hidzyZ 9 & Sii-liké fiecbptod 3iimhibits tnembiy feferition and constrains adult
KALILR OF YLI f ySdzNP3ISYySaAraQsr t NPOSSRAydIa 2F (K
States of America, 107(35), pp. 15625630. doi: 10.1073/pnas005807107.

Oostra, B.A., Chiurazzi P. (2001) The fragile X gene and its function, Clinical Genetics, 60(6),
pp. 399,408, doi: 10.1034/j.1399004.2001.600601.x

haAlLRGlIE 5 b5 YdAA|120T ! d® +d | yR t2LRIIE
tph2 gere is linked to tryptophan hydroxylaseactivity in the brain, intermale aggression,

and depressivd A 1S O0SKI@A2NI Ay (GKS TFT2NOSR agAy (Sal
87(5), pp. 11681174. doi: 10.1002/jnr.21928.

Oyama, T., et al. (2000) Isolatiohaonovel gene on 8p21¢32 whose expression is reduced
significantly in human colorectal cancers with liver metastasis, Genes Chromosomes Cancer,
29(1), pp. 15.

thylreAaz2a2LkRdAg2ax /& t o Si Ffd OoOHNNyoL W. Sy A
estad A A KSR YR ySgt e NBO23yAl SR §2286.RMR YSa QX
10.1093/brain/awn162.

Pasinelli, P. et al. (1995) Letmgm potentiation and synaptic protein phosphorylation,
Behavioural Brain Research, 6&) pp. 5859.

260



t Fdz = [ & vdopmedtal malformatioH Bf3he corpus callosum: A review of typical
OFttz2artf RSOSt2LIVSyYyid YR SEFYLX Sa 2F RS@St 2L
Journal of Neurodevelopmental Disorders, 3(1), py273 doi: 10.1007/s1168010-9059y.

Peier, Aa® S Fft® 6Hnan0d WOhGSNULO2NNBOGAZY 27
0SKFPA2NI t I yR LIK&&aAOFt FS8F (dNBaELI5. dazY |l y Y2
10.1093/hmg/9.8.1145.

t SNYy2Gx Cod Sl Ffd oHnAnmMnL WNS usnativegierse T NB T ¢
transcriptionpolymerase chain reaction in hippocampal structure in a murine model of
GSYLR2NIt €208 SLIAESLBEE gAGK F20rt &SAT dNBaQ
1000;1008. doi: 10.1002/jnr.22282.

Pevsner, J., Hsu, S. @R { OKSf f S NFSecly @ nelurddpedifia dydtaxidbindiHy
LINEPGSAYyPQS t NPOSSRAy3Ia 2F GKS bliAazylft 1 OFRS
91(4), pp. 14489. doi: 10.1073/pnas.91.4.1445.

t AO1SNAYy3IZ 50 {d SEFIERSODthdipd WEAYNAS2BBDE!
the National Academy of Sciences of the United States of America, 92(26), pp¢12090
12094. doi: 10.1073/pnas.92.26.12090.

Pieretti, M. et al. (1991) Absence of expression of the AMJene in fragile X syndre,
Cell, 66(4):81322.

t 2ANASNE Y& S Ffd 6HnmMubllin SUBudziTUEBB 2efult inA Yy G K
YIEfF2NXYIGA2Y 2F O2NIAOFE RS@GSt2LIYSYyd FyR ySc
Genetics, 19(22), pp. 4462473. doi: 10.1093/hmg/ddq377.

Powell, S. B., Zhou, XY ® DS@SNE a® ! ® ouHnndpv Wt NBLMA &8s
Y2RSTf a 27F éOKATQLJKNSYAI'QZ . SKI @ E§224zNibi:f . NI A
10.1016/j.bbr.2009.04.021.Prepulse.

Prybylowski, K., et al. (2005) The synaptic localization of B2Bining NMDA receptors
is controlled by interactions with PDZ proteins and2ARleuron 47(6), 84857.

261



Rana, M.S., et al. (2018) Fatty acyl recognition and transfer by an integral membrane S
acyltransferase, Science, 359(6372), pii: eaa06326, doi: 10.1126/scauie’s.

wk i KSY6SNESE WosS YAGGHESNE Wo ¢d FyR azaasz {o
FyR OStt adNFIFOS adloAtAade 2F D!.!! NBOSLIi2I
pp. 25X%257. doi: 10.1016/j.mcn.2004.01.012.

Raymond,F.Lile 't ® 6wHnnT0O Wadzilt GA2ya Ay %511/ p> 6K
NRAS and HRAS, cause XY 1 SR YSy il f NBUGINRFGAZ2Y |aaz2O0Al
American journal of human genetics, 80(5), pp. &8 . doi: 10.1086/513609.

Raymond, K. NyaR t ASNNB=Z +d / & 6Hnnpyv WbSEG 3ISYySNI
F3ASyGaqQs . A202y2dzAIld i 10.K031YbECEIBNR. = Mc O M0 X LILID

Reeves, R.H., et al. (1995) A mouse model for Down syndrome exhibits learning and

behaviour deficits, Nature éhetics, 11(2), pp. 1¢B4.

WSAKZ ad® 5 OHAMHO We¢lF NBHSGAY3I LINRPGSAY f ALARI
18(4), pp. 206214. doi: 10.1016/j.molmed.2012.01.007.

wWSaKZ ad® 5® 0OHAaMc200 SUGTal Gv& ¢rK®Be tE120yAR y1 y2RF (LBNS 2
Lipid Research, 63, pp. XAB1. doi: 10.1016/j.plipres.2016.05.002.

Resh, MD. (2006) Trafficking and signalling by {atiylated and prenylated proteins,
Nature Chemical Biology, 2(11), pp. 583

Rich NRX 5@ a® -GNE WJ§ 2LIOIHVI npvo I A O YSilFo2t A0 T
YR GKSNI LISdziAO AYRAOIFIGAZ2Yy&aQY LYyGSNYa.GA2Y I §
doi: 10.2964/jsik.kuni0223.

Roche, K. W., et al. (1996) Characterization oftiple phosphorylation sites on the AMPA
receptor GIuR1 subunit, Neuron, 16(6), pp. 14I/B88.

Rocks, O., et al. (2005) An acylation cycle regulates localization and activity of palmitoylated

Ras isoforms, Science, 307(5716), pp. 15246

262



Rocks, O.etdl oHnAmMnO We¢KS LIfYAG2etl A2y YI OKAYSN
LISNA LIKSNF £ YSYO NI yS LINZ7 8ok YOAOLE/.céll.3010.02.00M.n MO 0 U X

Rodenburg, R.N.P. et al. (2017) Stochastic palmitoylation of accessible cysteines in
membrane proteins revealed by native mass spectrometry, Nature Communications,
8(1):1280. doi: 10.1038/s4146Y17-0146%z.

Rogers, D.C., et al. (1999) Use of SHIRPA and discriminant analysis to characterise marked
differences in the behavioural phenotype dk snbred mouse strains, Behavioural Brain
Research, 105(2), pp. 2Q7.

>

w23SNARZ Do . d S I fd 6HAMcO WCNRY 3dzi Réao
aSOKIyAaYa I YR LI Kol edaQx az2f SqQ4Bf Idold t ae Ol
10.1038/mp.201650.

w2AT Sys bd WP 6Hnam0 W52y {@yRNRYSY tNRB3IN

developmental disabilities research reviews, 7(1), pm438

Rose, S.P. (1995) Glycoproteins and memory formation, Behavioural Brain Research, 66(1

2), pp. 7878.

Roth A.F. et al. (2002) The yeast DHHC cysteahedomain protein Akrlp is a palmitoyl
transferase, Journal of Cell Biology, 159(1), pg8.23

Sago, H., et al. (1998) Tsl1lCje, a partial trisomy 16 mouse model for Down syndrome,
exhibits learning and behavia abnormalities, Proceedings of the National Academy of
Sciences of the United States of America.,, 95(11), pp. ¢&256 doi:
10.1073/pnas.95.11.6256.

Sago, H., et al. (2000) Genetic dissection of region associated with behavioral abnormalities

in mouse nodels for down syndrome, Pediatric Research, 48(5), pp; 06

{IFAG2KZ Co® Si I f & -comtanimgpioteiw atgstSnEuronal nitrd@& t 51 1 /
synthase (NNOS) to the synaptic membrane through a-ddp£ndent interaction and

regulates NNOSQi A A 18 Q> W2dzNy+Ff 2F . A2{c2%8.Q6i:f / KSY
10.1074/jbc.M401471200.

263



Sakane, A., et al. (2006) Rab3 GTRaswating protein regulates synaptic transmission and
plasticity through the inactivation of Rab3, Proceedings of tretiddal Academy of
Sciences of the United States of America, 103(26), pp. 18829

Salaiin, C., James, D.J., Chamberlain, L.H. (2004) Lipid rafts and the regulation of exocytosis,
Traffic, 5(4), pp. 2564.

{FYFO022 wod / & Si I fndtionalere ofMethy®pGbinding\Ndiotein 2 2 & &
LINBRAOGA | KdzYl'y YSdzaNPRS@GSt2LIVSyilltf &dA8yRNERYS
1718;1727. doi: 10.1093/hmg/ddn062.

San Martin, A., Pagani, M.R. (2014) Understanding intellectual disability through
RASopdties, Journal of Physiology Paris, 1684 pp. 2329, doi:
10.1016/j.jphysparis.2014.05.003.

Sanders, S.S., Hayden, M.R. (2015) Aberrant palmitoylation in Huntington disease,
Biochemical Society Transactions, 43(2), pp-205doi: 10.1042/BST20140242.

SanzClemente, A., et al. (2010) Casein kinase 2 regulates the NR2 subunit composition of

synaptic NMDA receptors, Neuron, 67(6), pp.-984

Schlesinger, M.J., Magee, A.l.,, Schmidt, M.F. (1980) Fatty acid acylation of proteins in
cultured cells, Journalfdiological Chemistry, 255(21), pp. 10821

{OKYARGZ W 2d YyR /ITGUSNIXftxE 2d I ® omMpyTO Y
alpha subunit of the sodium channel. Role of piwanslational modifications in channel
' 2aSYof & QI logdal @iibtly, 262(28), pph 23213723.

Schmidt, M.F., Schlesinger, M.J. (1979) Fatty acid binding to vesicular stomatitis virus
glycoprotein: a new type of pogtanslational modification of the viral glycoprotein, Cell,

17(4), pp. 813.

Schnepp,Pa® S |t ® OHAamMTO WD! 5M dzLINE3dzZ F GA2Yy LINR
YShlro2ftAay Ay GKS OoNIXAYy YSOFadriAaxO YAONRSydA
2856. doi: 10.1158/0008472.CANL6-2289.

264



{OK20KZ {o® SO Itd @hSRvMAYyVI{RYWANQdaNBBAYY k! ¥I
Science, 294 (5544), pp. 1x1223, doi: 10.1126/science.1064335.

{OKNYI GG D® ad Sispecifid micro@NAnregulates Wendritic Nink y
RSGSE2LIVSY G QS bl i ¢26% doi: 10.40BRIEA4868.5 LILI® HYy O

{OKgINIT =z /® 9 S Ifd 6nnnT0d WEKS 2NRIAYI
Ydzi I GA2Yy oLIbmannt{0 Ay GKS a95mMH 3ISAHQ> W2 dzN
doi: 10.1136/jmg.2006.048637.

Schwarz, L. A., Hall, B. J., and PatkN. (2010) Activitdependent ubiquitination of
GIuAl mediates a distinct AMPA receptor endocytosis and sorting pathway, Journal of
Neuroscience, 30(49), 1674B5729.

{O2NI X /@ '®d YR /I @+t KSANRYE 9¢ towardSanmmy Y
GNF yatldAz2ylf | LILINREFOKQX / fc63ydoiOr.1560{S18B7 t | dzf 2
59322011001300007.

{O02G0 . d{dX .SOISNE [d9dT tSGHAGTI ¢P[ D OmMpy
Neurobiology, 21(3), pp. 19237.

Scudder, S. Let al. (2014) Synaptic strength is bidirectionally controlled by opposing
activity-dependent regulation of Neda4 and USP8, Journal of Neuroscience, 34(50), pp.
1663749.

Seidl, R., Cairns, N., Lubec, G. (2001) The brain in Down syndrome, Journatabf Neu
Transmission. Supplementum, (61), pp. 3.

Shahbazian, M., et al. (2002) Mice with truncated MeCP2 recapitulate many Rett syndrome
features and display hyperacetylation of histone H3, Neuron, 35(2), pa5243

Shepherd, J. D., and Huganir, R. DO72 The cell biology of synaptic plasticity: AMPA
receptor trafficking, Annual Review of Cell and Developmental Biology, 23, pj643L3

265



{KAISNAZ , dX {SIfX wod tod YR {KAYlFLY20G2X Yo
transporters, EAATs and VGLOTs . NI Ay wSaSI NOK @65.giSgas n
10.1016/j.brainresrev.2004.04.004.

Siarey, R.J., et al. (2005) Abnormal synaptic plasticity in the Ts1Cje segmental trisomy 16
mouse model of Down syndrome, Neuropharmacology, 49(1), pp.c8l22oi:
10.1QL6/j.neuropharm. 2005.02.012.

Siegel, G., et al. (2009) A functional screen implicates micrdRBBiependent regulation
of the depalmitoylation enzyme APT1 in dendritic spine morphogenesis, Nature Cell Biology,
11(6), pp. 70§716.

Singaraja, R. R. et @ HnnHUO WILtwmnX | -coh@i@fiprotéin/ InkSNR Yy R ?2
Kdzy GAy3ldAy (G2 AYyGNI OStfdzZ NI GNIFFAOLAYI | YR
pp. 281%,2828. doi: 10.1093/hmg/11.23.2815.

{AY3IIFNra2rtz wod wod Si I fntlnamepathiological Wefidits i® MR LI £
fO01Ay3 |l Lt MmnQX | dzY' | y az2fSOdzZBMI. @Sy SiArOds3
10.1093/hmg/ddr308.

{ft2YAyalAzZ ! @ S I f-tgptoghanito sefotonif/agdyn@iStdiininz y 2 F
KdzYlty YStly2Yl O0St f &3 Zpp. A®R10F. ddi: S10.1056K6H0I4 p MM 6
5793(01)03314.

Smith, D.J., et al. (1997) Functional screening of 2 Mb of human chromosome 21g22.2 in
transgenic mice implicates minibrain in learning defects associated with Down syndrome,
Nature Genetics, 16(1), pR8;36.

{YSRRSYS 203 aStt2NE /& {®I alNIAYZ WO wd o
Ay ¢62 aSydltte {doy2NXIf {AGfAYIEQT ¢KS b$s
14051405,

{1 ftftySNE ¢z . SyySiidz a dly-dishassemBlyipathwiaybin witrm ppo 0
GKFG YIe O2NNBaLRYR (2 aSldSydAart adasLm 27 &
Cell, 75(3), pp. 4@@18. doi: 10.1016/0098674(93)9037&.

266



{1 ftfEYySNE ¢dX 2 KAUGSKSENIZ { o atéddnvesslé targefing 6 M .
YR FdzaA2y Q> bl (i ¢3REEdDI: 16.£0880362818300 = LILIP oMy

{LISYOSNE /& ad Si Irélated and sBotial behaviors i $&lBrRl | Yy E A
1y2012dzi Y2dzaS Y2RSt 2F FNIIAES ) pp&ERNRYSQ
430. doi: 10.1111/j.160183X.2005.00123.x.

{LISYOSNE ad® 5¢ S Fi® 6nnnpd Wvdd t AlGIGABS |2
YSyiGtt NBGFNRFGAZ2Y QS | YSNRAOIY WBB®ENY It 2F bSd

Stearns, N.A. et al. (2007&lBavioral and anatomical abnormalities in Mecp2 mutant mice:

a model for Rett syndrome, Neuroscience, 146(3), pp-207

Swank, M.\W. and Sweatt, J.D. (2001) Increased histone atetgkferase and lysine
acetyltransferase activity and biphasic actigatiof the ERK/RSK cascade in insular cortex

during novel taste learning, Journal of Neuroscience, 21(10), ppc3383.

{6 NIK2dzizs Wo ¢ SiG Ffd owmnnpd W51 1/ d |FyR
acyltransferase with specificity for-tdnd Nw I & Qrdal ofMRiological Chemistry, 280(35),
pp. 3114%31148. doi: 10.1074/jbc.M504113200.

{6SNRf26% bd wod SiG Fftd d6mpppy WLYLI ANBR LINB
NBalLlR2yasS Ay LI GASyGa AGK | dzy Ay drgeyyaddah RA &S|
Psychiatry, 58(2), pp. 16200. doi: 10.1136/jnnp.58.2.192.

Takashima, .Set al. (1981) Abnormal neuronal development in the visual cortex of the
KdzYly FSihédza YR AYyFTlIyld 6AGK R246Yy Qa8 a8YRNRBYSc
Brain Resarch, 225(1), pp.cR1.

Tang, T. et al. (2010) A mouse knockout library for secreted and transmembrane proteins,

Nature Biotechnology, 28(7), pp. 7&9. doi: 10.1038/nbt.1644.

¢FNLISez td {d Si | f-staledeseyuencing skteenXdichranioSome G A O3
O2RAy3 SE2y&a Ay YSyilt NB (I NRI (ca43.ydeiz b | { dz
10.1038/ng.367.A.

267



Tezuka, T. et al. (19995 promotes Fynmediated tyrosine phosphorylation of the-N
methylD-aspartate receptor subunit NR2AProceedings ofthe National Academy of
Sciences U S A, 96(2), gp5-40.

¢CK2YF&4E Do ad SiG It O6HAMHO WtlhfYAG2etlaA2y
endosomes to regulate AMPA (G NJF FFAO1AYIQS bIAARIFS HPoOcC
10.1016/j.biotechadv.2011.08.021.Seadt

CALYS [® SG Fftd ownny0 WYtdependentiregaldtionloh BKy I+ G ¢
L2 GFaaAadzy OKIFIyyStftaoQr t NPOSSRAy3da 2F GKS bl
of America, 105(52), pp. 210¢81011. doi: 10.1073/pnas.0806700106.

Tian,[ @ SdG Ifd 6nunmn0d WadzZ GALX S LIt YAG2ef NIy
dependent regulation of large conductance calciuend voltageactivated potassium
OKIyyStaQx w2 dzNy |- € 27T A2t 2 3AcP962. doiKSY A A
10.1074/jbc.M110137802.

¢2Y2SRIET Yo S | f o -Hydraxyphenylpywisid2tid Dioky@ehase Geyie (i K S
I NB wSalLRyaAiroftS F2NJ ¢&8NRPaAAYSYAlF ¢@&L)sS LLL |
Metabolism, 71(3), pp. 5@&10. doi: 10.1006/mgme.2000.3085.

Toniolo, D.5 Q! Rl Y2 X dintked nomspecificamental retardation, Current Opinion
in Genetics & Development, 10(3), pp. 280

Toniolo, D. (2000) In search of the MRX genes, American Journal of Medical Genetics, 97(3),
pp. 22X7.

4

CpyAaazzsz ¢ ® erBzijgous tide withhiRB/Matation WxhiBitiimpaired spatial

YSY2 NE YR RSONBI&aSR IyEASGeQ: . %481 dOiA 2 dzNJ f
10.1016/j.bbr.2005.08.025.

CNAaGFYS /& SG ftd ouHnmMmy WEKS RAGSNES Fdzy O
O2YLI NIYSYyidaQs / 8t dze3R3Ndoi{ 10.B0yd/j.celsiy.g0AE08.608.6 H U = L.

268



CAASYS Wo %dr [ dSNIFZT td ¢d YR ¢2yS3atsglt 3z |
NMDA receptotRS LISY RSy (i aey LJAA O LI I & 879 ppl #832qA y & LI
1338. doi: 10.1016/S0092674(00)8182.

¢dzf A [ & wSaadays. | ®SROP58a80pb2yW[2F S5AFFSNB
Journal of Proteomics and Bioinformatics, 1(2), pp.¢488. doi: 10.4172/jpb.1000102.LC.

Turner, G., etal. (1996) Prevalence of fragile X syndrome, American Journal of Medical
Genetics, 64(1), pp. 198.

¢T 80Kl OKEZ | & $§eénerdtidn ®equencingvipdiA yHbSFE GA Yy (St t SO dzt
European Journal of Human Genetics, 23(11), pp. ¢EB18. dd: 10.1038/ejhg.2015.5.

+ AffSYRZ / ®X t2ANASNE wod YR [ NROKSZT {ad o
Behavioural Brain Research, 192(1), pr18%. doi: 10.1016/j.bbr.2008.01.009.

Valdez Taubas, J., Pelham, H. (2005) Sudfpendent palmibylation of the SNARE Tigl
prevents its ubiquitination and degradation, The EMBO Journal, 24(14), pp32524

+y . dzZ33SyK2dziZ D® | yARynsGHbBrofme Imenabretardatioy X nnc 0
tAY1S8RE YENFFY2AR KI oA (sezbds,lyp. 26.MbiIK0. MM 75@ 2 dzNJ/ |
11721-26.

Veit, M., Becher, A. and AhndrtA ft 3SNE D® oOownnnv W{eyl LJi20oNB
a@ylFLIWAO @SaralfSa LINBLINBR FTNRY | RdzZ G4 0 dzi
Cellular Neurosciences, 15(4), pp. 4086. doi: 10.1006/mcne.1999.0830.

Verheij, C., et al. (1993) Characterization and localization of the-FIgé&ne product
associated with fragile X syndrome. Nature, 363(6431), ppc4.22

Vesa, J., et al. (1995) Mutations in the palmitoyl protein thioesergene causing infantile

neuronal ceroid lipofuscinosis, Nature, 376(6541), pp-534

Vieregge, P., and Frostlskenius, U. (1989) Cliniceeurological investigations in the fra(X)

form of mental retardation, Journal of Neurology, 236(2), pp985

269



Wagner, S. A, et al. (2012) Proteomic analyses reveal divergent ubiquitylation site patterns

in murine tissues, Molecular & Cellular Proteomics, 11(12), pp.(I5AS.

2 £ {SNE 50 [® YR 5FPA&S ad omMppTro YWwwdyEA23S
GAGK GKS 1 02dadGAO adGl NIES NBaLRyad7l.xder NI (GaQ
10.1016/S0006223(96)0044%5.

2 yy W S fd 0Hnmo0 WENFOlTAY3a ONIFAY LIfYADQ
I Y2dzaS Y2RSft 2 TS Q3dzyl iKAS/YAAGRIYNBE |R/ARL Sl4B&R2doi2 38 X H .
10.1016/j.chembiol.2013.09.018.

Webb, T., Latif, F. (2001) Rett syndrome and the MECP2 gene, Journal of Medical Genetics,
38(4), pp. 21723.

2S6SNE ¢d S fd omdhy 0 W{Yd NIYLI yRdE Aa2AWAZY | /f &
pp. 75772. doi: 10.1016/S0092674(00)81404X.

2Sffar ad® Co SiG Fftd 6HnmcO WeKIFIEFYAO NBGAO
Ptchdl(Y0 YA OS QX bl { dzNdZ dop kDA natdreld427. LILID py

Wenthold, R. .J et al. (1996) Evidence for multiple AMPA receptor complexes in
hippocampal CA1/ CA2 neurons, Journal of Neuroscience, 16(6), pglo832

2 SA0SNK2FFZ | @ 20 YR tlFfaazys . ® hd oHnnno
0 A2t 2 3@ Qkchbolody2R(FD), ppA1249252. doi: 10.1038/nbt1020.

Widagdo, J., et al. (2015) Activitgpendent ubiquitination of GluAl and GIuA2 regulates
AMPA receptor intracellular sorting and degradation, Cell Reports, pii: S2211
1247(15)0002&. doi: 10.1016/celrep.2015.01.015.

22y2RAY L®I S |t @ 0OH N mWobooxernse \GRide ExjaedsionS R Y &
and Enzyme Activity in Schizophrenia and Genetic Association With Schizophrenia
9YyR2LIKSy2ieLI5aQs I NDKA @S a 2 F D&4 St f t ae
10.1001/archgenpsychiatry.2011.71.Downregulated.

270



Woods, Y.L. et al. (2001) The kinase DYRK phosphorylates {mwitiesis initiation factor
elF2Bepsilon at Ser539 and the microtubudssociated protein tau at Thr212: potential
role for, DYRK as a ghgen synthase kinase@iming kinase, Biochemical Journal, 355(Pt
3), pp. 60¢15.

Yamamoto, Y., et al. (2007) Gain of 5p15.33 is associated with progression of bladder
cancer, Oncology, 72@), pp. 132138.

Yan, S.M., et al. (2013) Reduced expressioZ@AHC2 is associated with lymph node
metastasis and poor prognosis in gastric adenocarcinoma, PLoS One, 8(2):e56366. doi:
10.1371/journal.pone.0056366.

Yanai, A., et al. (2006) Palmitoylation of huntingtin by HIP14 is essential for its trafficking

and furction, Nature Neuroscience, 9(6), pp. 8231.

Yang, E.J., Ahn, Y.S., Chung, K.C. (2001) Protein kinase Dyrkl activates cAMP response
elementbinding protein during neuronal differentiation in hippocampal progenitor cells,

Journal of Biological ChemistB76(43), pp. 398124.

Clhy3ar Do S kséledtivedpalmitoydation duidtesdng ntiacellular trafficking
2F lat! NBOSLI2NDRS 9dNBLISIY W2dzMa/ldoi: 2F b
10.1111/j.14609568.2009.06788.x.

Yasumura, M. etal. 201®L[ mw! t [ M (y2012dzi YAOS aK2g &L\
deficiency, hyperactivity and reduced anxiétyA { S 0 SKI GA 2 dzZNBR Q> { OASy (A
doi: 10.1038/srep06613.

YesteVelasco, M., et al. (2014) ldentification of ZDHHC14 as a novearhanmour
suppressor gene, Journal of Pathology, 232(5), pp;5bA.

Young, JW. et al. (2009) Thechoice continuous performance test: evidence for a
translational test of vigilance for mice, PLoS One, 4(1), pp. e4227. doi:

10.1371/journal.pone.0004227

271



Ldzz /o SO Ffd Oomnnylv W2KAGS YFGGSNI G0N OG Ay
NBGIFNRFGAZ2Y YR KSItakKe I Rdzf (Q@RAE don SdzNR LY
10.1016/j.neuroimage.2008.01.063.

LdzZ W {d dmMdpT N0 Wt KSy ate Vedlida? IoudrdR46(1) Ypp. 430 NB O A S ¢
446.

Yu, L., et al. (2011) Activation of a novel palmitoyltransferase ZDHHC14 in acute
biphenotypic leukemia and subsets of acute myeloid leukemia, Leukemia, 25(2), @p. 367
371.

,dzR2galAX DO ! & Siatioh 6f PSS Destatilirzes AMPO Beteptors af | O
| ALILIR O YLI £ { @&yl LA Sca.adt 10.1B72/fournalipén&0053966.0 = LILID ™

Yuen, E. Y., et al. (2012) Repeated stress causes cognitive impairment by suppressing
glutamate receptor expression and fuimn in prefrontal cortex, Neuron, 73(5), pp. 962
977.

Blyar We . & SiG Ffd dnunndpd W Y2dzAS Y2RSt 27
PLo0S Genetics, 5(12), pgl6. doi: 10.1371/journal.pgen.1000758.

BKIy3az - & S gof-flinttidn mitation inptryptophanzhydéoxylase identified in
dzy A LJ2 £ I NJ YI 22 NJ RS LINE §18.0d@: YOIR16/pnSwiaN.POg412.004. 6 M0 T L

Online links

http://biit.cs.ut.ee/gprofiler/index.cgi

http://brainspan.org/
http://mmrrc.mousebiology.org/phenotypebenentech/MEM695N1reeFrame.html
http://mouse.brainrmap.org/

http://www.metaboanalyst.ca/faces/ModuleView.xhtml

272



https://www.ebi.ac.uk/Tools/psa/emboss_water/

https://www.ensembl.org/Mus_musculus/Transcript/ProteinSummary?db=core;g=ENSMU
SG00000036985;r=X:48171948208878;t=ENSMUST00000037960

273


https://www.ensembl.org/Mus_musculus/Transcript/ProteinSummary?db=core;g=ENSMUSG00000036985;r=X:48171969-48208878;t=ENSMUST00000037960
https://www.ensembl.org/Mus_musculus/Transcript/ProteinSummary?db=core;g=ENSMUSG00000036985;r=X:48171969-48208878;t=ENSMUST00000037960

Appendix |

274









