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Abstract

Alzheimer’s disease (AD) is a progressive form efm@éntia, which currently
has no cure. The metabolism of the amyloid precysatein (APP) is an important
determinant in the development of AD. APP is prbtically processed either in
the amyloidogenic pathway, generating the AD-capsimyloid-beta (8) peptide,
or in the non-amyloidogenic pathway which prevehesgeneration of A The role
of four different proteins, BIN1, contactin 5, nefascin and Thy-1, in the
regulation of APP proteolytic processing was iniggged. Contactin 5, neurofascin
and Thy-1 have been shown to interact with APP, redee BIN1 has been
genetically related to AD by genome-wide assocmstudies. Over-expression of
each protein in cell lines showed that BIN1 andtaotin 5, but not neurofascin or
Thy-1, regulate the production offAContactin 5 over-expression preventefl A
generation by inhibiting cleavage of APP by thesecretase. Western blots of
human brain samples showed that contactin 5 lewethe brain are not altered
during aging or in AD. BIN1 over-expression decesh&\PP levels, and decreased
AB, whereas BIN1 knockdown increased APP, suggestiagBIN1 redirects APP
from processing in the amyloidogenic pathway t@@partment of the cell where it
is degraded. BIN1 did not alter eithep Aiptake, or the endocytosis or cell surface
levels of APP. BIN1 levels were shown to be reducethe brain during aging and
in AD. This has led to the hypothesis that duriging and AD, BIN1 levels
decrease, so more APP is trafficked into the ardglpénic pathway rather than
being degraded, resulting in mor@ generation so increasing the risk of developing
AD. This is the first time a mechanism for the rag BIN1 in AD has been

suggested.
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1 Introduction

1.1 Discovery of Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive form efrgntia characterised
by amyloid plagues and neurofibrilary tangles ie thrain (figure 1.1) (Hardy
and Allsop, 1991). It is named after Dr Alois Alaimer, who discovered the
disease in 1906. In 1901 Alzheimer observed a S wéd patient, Auguste
Deter, who presented symptoms such as loss of nyemelusions, and drastic
mood swings. In 1906 when Auguste Deter died Alziegiexamined her brain
and identified the plaques and tangles that areactexistic of the disease, and
so was the first person to associate the symptdniseodisease with the brain

pathology.

1.2 Current therapies for AD

Dementia affects 33.3 % of people over the age ®f(figures from
Alzheimer's Research UK). AD is the most commonnfoof dementia and
currently there is no cure or treatment that wdlssdown or halt the progress of
the disease: current therapeutics focus on tregtiag the symptoms of the
disease. SSRI (selective serotonin re-uptake itang)i are frequently used to
treat depression or anxiety in Alzheimer's patientdhile other psychiatric

symptoms (such as delusions) are commonly treaitdtiee drug Risperidone.
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Figure 1.1 Pathological hallmarks of AD.Image showing Alzheimer’'s
pathology in the brain, an amyloid plaque is at tbp left of the image

surrounded by black tau tangles. Image taken fraensephoto.com.
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Cholinesterase inhibitors (such as Donepezil anldri@@mine) can be used
to prevent the breakdown of the neurotransmittetydcholine, and improve
general cognition (Citron, 2002). The NMDA (N-meli}+aspartate) receptor
antagonist Memantine has been used in severe ABsgawver-stimulation of
NMDA receptors has been linked to neuronal deathDi) to improve cognition
and motor skills (Lleo et al.,, 2006; Mucke, 200®oth Donepezil and
Memantine have been shown to improve cognitionatiepts with severe AD,
cholinesterase inhibitors in mild AD, and currentiyp drugs can benefit
cognition in patients with mild cognitive impairme{©'Brien and Burns, 2011;
Howard et al., 2012). Although NMDA receptor agdmiand choline esterase
inhibitors induce a small improvement in cognitioejther of these are disease
modifying drugs — they cannot alter the patholo§yAD and so do not halt or

slow down progress of the disease.

1.3 Amyloid-p

The amyloid plaques that are characteristic ofdisease are composed of
a peptide called amyloid-beta fA(Masters et al., 1985). fAis secreted from
brain cells throughout life; however in AD Aaggregates to form toxic species
which kill surrounding neurons. It is the deathneiurons leading to the loss of
synapses and neuronal networks which causes ADs 8ecreted from cells in a
monomeric form, however it can aggregate into afigos (A30s), which range
in size and structure, from dimers and trimers t@imlarger multimers that can
be up to 200 nm in size.p®s can aggregate further forming Abrils, which

eventually deposit as the plaques ¢ geen in AD (Shankar and Walsh, 2009).
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AP is generated from cleavage of a larger membraa@rspg protein,
amyloid precursor protein (APP). APP can be protaslly processed by one
of two mutually exclusive pathways (figure 1.2).”ABan be cleaved initially by
a-secretase to generate a secreted N-terminal fraigmsoluble APE (SAPRy),
and a C-terminal fragment which remains in the nramé — C83/CTé&. The C-
terminal fragment is then cleaved hysecretase to generate p3 (a fragment
which is secreted), and the C-terminal stub caHetyloid precursor protein
intracellular domain (AICD). This is the non-amylogenic pathway; 90 % of
the APP in the cell is processed in the non-amylgahic pathway (Gandhi et
al., 2004). Alternatively APP can be cleaved fbgt3-secretase, to generate the
secreted fragment soluble APRSAPR) and thef C-terminal fragment —
C99/CTR. The C-terminal fragment is then cleavedybsecretase to generate
AP (the toxic fragment implicated in AD), and the €rhinal stub AICD (Evin
and Weidemann, 2002; Vardy et al., 2005). Undemabrcircumstances only
10 % or less of the APP in the cell is processethénamyloidogenic pathway
generating B. The exact location of cleavage in C99 Pppecretase varies
generating A molecules of varying lengths. The most importaftsdecies for
AD are AB4o and A3s, (40 and 42 amino acids long, respectively). Longpr
species are more prone to aggregation and are togie (Pike et al., 1995;
Klein et al., 1999). The proteolytic processingARP is discussed in further

detail in section 1.6.
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Figure 1.2 Proteolytic processing of APPAPP is processed on either the
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non-amyloidogenic pathway (left) or the amyloidoigepathway (right). On the
non-amyloidogenic pathway APP is cleaved initialy a-secretase, generating
sAPRy and C83/CTk. CTFu is then cleaved by-secretase generating p3 and
AICD. On the amyloidogenic pathway APP is initialtjeaved byp-secretase,
generating sAPPand C99/CTB. CTH3 is then cleaved by-secretase generating
Ap and AICD. The A peptides can build up and aggregate forming thguds that

are the hallmark of AD.
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1.4 The amyloid cascade hypothesis

The amyloid cascade hypothesis proposes that tineagy cause of AD is
aggregation of the amyloilpeptide, and has been the most widely acceptedythe
in the field since it was proposed in 1991 by Jéfamdy and David Allsop (Hardy
and Allsop, 1991) then updated by John Hardy andyGHiggins (Hardy and
Higgins, 1992). Since then it has been re-apprassedral times by John Hardy and
Dennis Selkoe (Hardy and Selkoe, 2002; Hardy, 20Di6¢re are two forms of AD,
familial/early onset AD (FAD) and sporadic/late en&\D (SAD). Both FAD and
SAD are characterised by build up and depositioamyloid in the brain, but FAD
occurs earlier in life (around 50 years as opposed0). FAD is caused by
inheritance of dominant mutations in genes whiastically increase the production
or aggregation of the Apeptide (Murrell et al., 1991; Citron et al., 1992mita et
al., 1997; Su and Ni, 1998). It is this observatioat forms the basis of the amyloid
cascade hypothesis. Hardy, Higgins and Selkoe gempthat in FAD mutations in
the APP and presenilin genes (the presenilin prstérm part of the-secretase
complex involved in the production of A cause increased production ofs4
which then accumulates and aggregates. These aggsehave subtle detrimental
effects on synapses and activate microglia, whiodntcause synaptic injury,
altering signalling pathways in neurons so alterihg activities of kinases and
phosphatases. This leads to, among other thingserpliosphorylation of tau
protein. Hyperphosphorylated tau aggregates anthable to perform its normal
function: stabilising microtubules. The combinedeefs of altered signalling
pathways, hyperphosphorylated tau, and activatedogiia causes neuronal death,

resulting in dementia (figure 1.3) (Hardy and Selk@002; Ballatore et al., 2007).



-7 -

The amyloid cascade hypothesis is also appliedh, $hough the initial event that

causes increased levels or increased aggregatifi isfyet to be determined.
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Figure 1.3 The amyloid cascade hypothesiMutations in APP or presenilin
proteins (in FAD), or an unknown initiating evem SAD) cause a build up and
aggregation of the f\ peptide. The A aggregates are toxic to neurons (shown in
yellow), causing neuronal death and dystrophy, gifodoss, and activate microglia
(the immune system cells of the brain, shown irephctive microglia are shown in
red) stimulating an inflammatory response. The vat®id microglia and A
aggregates activate stress pathways in neuronsnglteinase and phosphorylase
activity causing the microtubule binding protein utato become
hyperphosphorylated. Hyperphosphorylated tau n@dorbinds to microtubules
causing them to become de-stabilised, and aggret@mferm neurofibrillary tangles
within the neuron. This causes further damage ¢ontiuron and disrupts transport

around the cell, causing further neuronal lossatvation of microglia.
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1.4.1 Critical analysis of the hypothesis

Since its proposal there has been a lot of cniticef the amyloid cascade
hypothesis. Many people argue that it is out ofedamnd amyloid toxicity alone
cannot explain the development of AD. This has leadeveral attempts to update
and modify the amyloid cascade hypothesis makisgécific for sporadic AD, and
to accommodate new findings. For example it has baeggested that amyloid
deposition along with some initiating injury (suels head trauma, diabetes, life
stresses or vascular events) cause a chronic imféary response in the brain. This
inflammatory response triggers a shift in cellysysiology re-initiating cell cycle
proteins (which are normally turned off) putting#e neurons at an increased risk of
death (Chen et al., 2010; Herrup, 2010). Howevshduld be pointed out that the
initiating injuries proposed to cause cell cylcéeimitiation can also cause chronic
hypoxia in the brain. Chronic hypoxia has beendiohko AD, as it causes an
increase in generation ofpApeptides which then dyrupt calcium homeostasis of
neurons (Webster et al., 2006; Peers et al., 2B8é&rs et al., 2009), providing and
alternative explanation for the link between the$eitating injuries” and

development of AD.

Many people have also argued that hyperphosphed/kaiu aggregates rather
than A3 are the primary cause of AD, but there is a sigaift volume of evidence
supporting the amyloid cascade hypothesis. For pl@nmmutations in presenilin
proteins and APP that increasfsAor alter the ratio of Psp and A4, cause familial
AD (Murrell et al., 1991; Citron et al., 1992; Tamiet al., 1997), and recreating
these mutations in mice causes amyloid pathologys(dh et al., 1996; Su and Ni,
1998) as well as AD-like symptoms (such as memafjcds) demonstrating that

altered amyloid metabolism alone is sufficient &mugse AD. A is an aggregation-
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prone peptide and exists in a natively unfolded@anation — it is well known that
aggregation-prone molecules can be detrimentdid@csurvival of cells, and Ahas
been shown to be toxic in tissue culture modelsnthert et al., 1998; Grace et al.,
2002) suggesting it is the toxic causative specfeAD. Mutations in tau do cause
dementia, but do not cause any amyloid deposifiau tangles occur in other
neurodegenerative diseases suggesting that in ARathology occurs downstream
from amyloid pathology (Oddo et al., 2003; Bolmattal., 2007). Furthermore,
introducing APP mutations into transgenic tau mionereases the number of
neurofibrillary tangles (NFT) of tau, further camfiing that amyloid pathology can
induce tau hyperphosphorylation and NFT formatietarly and Selkoe, 2002;
Hardy, 2006). Neurons derived from fibroblasts tak@m AD patients have been
reverted back into stem cells, then re-differeatiahto neurons. In some cases these
neurons secrete increased levels pfcAmpared to control cells, and have increased
levels of phosphorylated tau, confirming the impade of both amyloid and tau
metabolism in development of AD pathology (Israehle, 2012). A major criticism
of the amyloid cascade hypothesis is the existeho®n-demented individuals who
have extensive amyloid and tau pathology in theirs, yet lack any symptoms of
AD. Recent evidence, though, shows that they ddhage oligomeric forms of &\
at the synapses whereas patients with AD patholagg AD symptoms do
(Bjorklund et al., 2012) suggesting that both thgragation state and location of A
is important for the development of the diseasen&mf the most convincing
evidence in support of the amyloid cascade hypathssames from the very recent
discovery of a mutation in APP that is protectigaiast AD. The A;sT mutation in
APP decrease-cleavage of APP and so decreas@sg&neration (Jonsson et al.,
2012). The mutation was shown to be enriched imamof people over the age of

85 without any form of dementia compared to oves-8&h AD, demonstrating that
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preventing A generation can protect against AD in the humami{donsson et al.,

2012).

However, unanswered questions remain about thecdainghscade hypothesis.
AP load does not correlate well with severity or pesgion of AD, A plaques have
been identified in cognitively normal patients, aalthough drugs designed to
reduce A load or A3 aggregation have been successful in AD mouse mottey
have not been successful in humans. Despite ye@rsesearch and drug
development no amyloid altering drugs have passkugical trials for AD
(Pimplikar, 2009), demonstrating that there islstiluch to learn about the

development and pathogenesis of AD.

1.5 The metabolism of amyloid precursor protein

1.5.1 APP isoforms and homologues

AP is generated from proteolysis of the transmembyaoéein APP. APP is
located on chromosome 21 (21g21) and is highly ewesl (Goldgaber et al., 1987;
Kang et al., 1987; Robakis et al., 1987a; Robaked.e 1987b) suggesting it carries
out vital functions in the cell. There are sevasaforms of APP; the main isoforms
are 695, 751 and 770 (695, 751 and 770 amino asilues long respectively)
(Ponte et al., 1988). The 751 and 770 isoformseapeessed by most cells, whereas
the 695 isoform is predominantly neuronal (Weideman al., 1989; Kang and
Muller-Hill, 1990). The 751 and 770 isoforms congihe kunitz inhibitor domain
(Ponte et al., 1988). APP comes from a superfamilyproteins: there are APP
homologues in other species as well as the humamlogues amyloid precursor-
like protein 1 and amyloid precursor-like proteifAPLP1 and APLP2) (Wasco et

al., 1992; Sprecher et al., 1993; Wasco et al.319%ebster et al., 1995). APLP1
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and two have a similar structure to APP, they haweilar alternative splicing
(Sandbrink et al., 1994), they are phosphorylatedi glycosylated in a similar way
to APP (Suzuki et al., 1997; Eggert et al., 200d40d they undergo similar
processing events to APP. APLP1 and 2 are cleayethd APP a-secretases,
BACEL1 andy-secretase (Gu et al., 2001; Scheinfeld et al.22M&lsh et al., 2003;
Eggert et al., 2004; Li and Sudhof, 2004; Endrealgt2005; Cong et al., 2011;
Hogl et al., 2011)y-secretase cleavage of APLP proteins generatesti@tellular
transcriptionally active fragment which is tranglted to the nucleus (Scheinfeld et
al., 2002; Walsh et al., 2003; Li and Sudhof, 200&¢ AICD generated from APP
(for details about AICD see section 1.7.2). Unlig the fragments generated from
the APLPs following proteolytic processing do najgeegate and are not toxic
(Eggert et al., 2004; Minogue et al., 2009). Theression of APP, APLP1 and
APLP2 all overlap in the brain (Crain et al.,, 199dcNamara et al., 1998)
suggesting they have redundant or overlapping iomst however knockout mice
show subtly different phenotypes, and there aréemihces in the subcellular
localisation of APP and APLPs demonstrating tha&rdhare differences in their

functions (Kim et al., 1995; Heber et al., 2000).
1.5.2 The physiological function of APP

The normal role of APP in the cell is still uncleirough many functions have
been proposed. Much of the evidence for physioligianctions of APP comes
from knockout studies of APP homologues in othexcgs. Since the phenotypes
caused by knockout of APP homologues can ofteneSeued by expression of
human APP (Luo et al.,, 1992) it is reasonable tsu@® that its functions are
conserved. It has been suggested that APP may énavke in development — for

example blocking APP with an anti-APP antibody pagvent induction of neuronal
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differentiation of embryonic stem cells (Freudeaét 2011), and knockout of the
Caenorhabditis eleganbomologue of APP, APL-1, causes larval death due t
disrupted development of the larvae (Hornsten gt28107). Over-expression of
human APP and APLP proteinsimosophila melanogasteaffects the development
of mechano-sensory organs (e.g. the sensory haiteeoinsect’s legs) (Merdes et
al., 2004). APP may also have roles in stem céidintiation and development of
neurons (Hiltunen et al., 2009). Knockout and omegoression studies of the
Drosophila APP homologue APPL have shown that APPL has a iwl¢he
development of synapses and in the transport d¢f baganelles and proteins along
axons, indicating APP may be involved in the depeient and the normal
functioning of neurons (Torroja et al., 1999; Guaasena and Goldstein, 2001).
APP can bind several cell surface proteins, so psform this function by acting
as a receptor or through signal transduction. ARB been shown to promote
synaptogenesis by functioning as an adhesion mieledang et al. (2009)
proposed that APP has a role in the formation eiapges at the neuromuscular
junction via direct interaction between APP at sggapse and muscle (Wang et al.,
2009). APP can also bind to glycosaminoglycansamidgens so may be important

for cell adhesion and neural outgrowth (Evin andd&mann, 2002).

APP has been shown to be involved in the reguladioendocytosis of the
choline transporter. The choline transporter rerami®line from the synaptic cleft,
so APP may regulate acetylcholine metabolism (dc@tyine is a neurotransmitter
with roles in learning, memory and muscle cont@jang et al., 2007). APP can
reduce Ct' to Cu, so may be an anti-oxidant (Evin and Weideman02P0APP
can also bind Fé and facilitates its oxidation it to e and loss of APP expression
causes iron accumulation so it has been suggdstéthat APP acts as a ferroxidase

in neurons (Duce et al., 2010).
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1.5.3 APP knockout mice

APP knockout mice have been generated (Zheng el@95; Zheng et al.,
1996). These were shown to be fairly normal: thagt hormal brain structure, and
were fertile, however the brains of some mice digptl reactive gliosis (activation
of microglia which suggests there was some neurdaalage) and all knockout
mice had decreased body weight, decreased gripgsitre@nd decreased locomotor
activity. Mice with the APP gene disrupted (by irigs of a neomycin resistance
gene) also show these phenotypes, however unik@®P knockout mice they did
not have normal brains — some mice did not haverjpus callosum, and the mutant
APP mice performed less well than wild type in arNowater maze test (Muller et
al., 1994). A possible explanation for the discrepabetween these studies is that
the neomycin insertion mice were not complete kootk for APP — they expressed

very low levels of a truncated form of APP.

The single knockout studies suggest that either A&¢5 not have a major
physiological role or that its functions are conser by another protein. This idea is
backed up by knockout of other members of the ARRem family. Knockout of
APLP2 in mice did not cause any drastic phenotypdke mice were fertile, of
average size, were not cognitively impaired angldiged normal axon outgrowth.
However 80% of APP/APLP2 double knockout mice digthin a week of birth,
the mice that survived were decreased in weightdisplayed ataxia, trouble self
righting, and developed gliosis by 9 months of ggen Koch et al., 1997)
suggesting that APP and APLP2 can substitute foh edher functionally in the
brain. Although there were no gross changes inptimenotype of APP knockout

mice, later studies identified several subtle disfisuch as in increase in sensitivity
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to seizures (Harper et al., 1998; Steinbach etl8Bb8), altered neuron morphology

and decreased synaptic plasticity (Seabrook et299),
1.5.4 APP synthesis and trafficking in the secretory pattvay

APP is a single span transmembrane protein withCiterminus on the
cytoplasmic side of the membrane (Dyrks et al.,819%amazaki et al., 1995). It is
synthesised in the cell body on endoplasmic ratitutibosomes, then is trafficked
through the secretory pathway to the cell surfdcaxons. Once it reaches the cell
surface APP is endocytosed and either recycledegradled (figure 1.4) (Tienari et
al., 1996). APP is synthesized in an immature fonhich matures when it is N-
glycosylated in the ER and O-glycosylated in thég@yrks et al., 1988; Pahlsson
et al.,, 1992; Saito et al., 1993; Graebert et18195; McFarlane et al., 1999) and
sulphonated, (Schubert et al., 1989) increasingntioecular weight by 4-5 kDa
(Graebert et al., 1995). Most APP then remainsestan the trans-Golgi network
(TGN) (Weidemann et al., 1989; Graebert et al.,5)98I- but not O-glycosylation
is required for cleavage of APP by the secretasdssacretion of the soluble APP
fragments (Yazaki et al., 1996; Tomita et al., L998Farlane et al., 1999) (though
it is not clear whether N-glycosylation of APP Ifs@r N-glycosylation of other
proteins is required for the normal trafficking 8PP (Pahlsson and Spitalnik,
1996)). APP is transported from the Golgi to thi serface, then endocytosed in a
clathrin-dependent manner (Culvenor et al., 19981gJet al., 1996; Marquez-

Sterling et al., 1997; Cossec et al., 2010).

The majority of APP is recycled back to the celiface, but some APP is
trafficked to endosomes (the acidic compartment reshp-cleavage occurs
(Schrader-Fischer and Paganetti, 1996)), or toslyses where it is completely

degraded (Caporaso et al., 1992; Lai et al., 198Bazaki et al., 1996y-cleavage
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of APP occurs aftep-cleavage, and has been reported in a number akeBular
locations (Kaether et al., 2006). Very little APPfound at the cell surface at any
given time — it is either very rapidly endocytog@0 %) or cleaved by-secretase
(30%) (Koo et al., 1996). The half life of APP d@atively short (3.5 hours), APP is
glycosylated (so becomes the mature form) withio twours of being synthesised,
and is transported along the axon to the synaps¢henfastest wave of axon
transport, and is degraded within 2-4 hours of gbytation (Lai et al., 1995;

Lyckman et al., 1998).
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Figure 1.4 Amyloid precursor protein trafficking. APP is synthesized in the
rough endoplasmic reticulum (ER) then transportedtiie Golgi where it is
glycosylated and sulphonated to become the matune 6f the peptide (1). Most of
the APP in the cell resides in the trans-Golgi mekw(TGN) (2). APP is trafficked
to the cell surface (3), when it reaches the ceifage some is cleaved hy
secretase generating sAPR}), but most is re-endocytosed (5). After endosig
APP can be transported back to the TGN (6) or eava@d byp-secretase ang
secretase generating sAPRBnd A3 which are both secreted (7). Some APP is

completely degraded after it has been endocytd®ed (
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The trafficking of APP depends on both the corrglsicosylation of the
ectodomain, and also on a signal sequence in tteendnus (Tienari et al., 1996).
The GYENPTY and the YSTI motifs in the C-termindsA®P are required for the
internalisation and then either recycling of APRkbdo the cell surface or its
degradation in lysosomes (Lai et al., 1995). Thesphorylation state of residues
within the C-terminus of APP is important in theguéation of APP endocytosis.
Phosphorylation of ¥, and Yss7 in the GYENPTY motif increases endocytosis of
APP, and so increaséscleavage of APP (Rebelo et al., 2007; Barbagdilale
2010). The GYENPTY motif is the most important detimant for APP endocytosis
(Perez et al.,, 1999; Cescato et al., 2000) buang the YTSI motif, are also
important for insertion of APP into vesicles of th&N and transport to the cell
surface (Rebelo et al., 2008; Vieira et al., 200%)osphorylation of proteins that
bind the C-terminus of APP is also important inulaging its metabolism. For
example X11L binds the APP C-terminus and stimsla&®P endocytosis. X11L
can be phosphorylated by Src kinase, phospho-Xi1ibhukates APP endocytosis
and transport to endosomes and lysosomes, whereasphosphorylated X11L
stimulates APP endocytosis then recycling backh&dell surface (Chaufty et al.,
2012). The endocytosis of APP and the role of eyibacs in AD are discussed in
section 1.11. For a review of APP trafficking sesk8e et al 1996 or Thinakaran

and Koo 2008 (Selkoe et al., 1996; Thinakaran and, R008).
1.5.5 Lipid rafts and the role of cholesterol in APP pro@ssing

Amyloidogenic processing of APP occurs in lipidtsafEhehalt et al., 2003).
Lipid rafts are small nanometer sized domains withe cell membrane which have
a specific lipid composition — they are typicallyigh in cholesterol and

sphingolipids (Lingwood and Simons, 2010). Diffusiof proteins located in these
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microdomains is limited to the individual lipid tafvhereas non-raft resident
proteins are much more mobile and diffuse througlttoel cell surface (Giannone et
al., 2010). It has been suggested that lipid raftster with other lipid rafts
facilitating the interaction of proteins betweeftgaand may act as a way to control
protein interactions at the cell surface (Simond &erl, 2010). This may be one
way of regulating the proteolytic processing of ABBR amyloidgenic processingt (
cleavage) occurs in lipid rafts, whereas non-andglgenic processingi{cleavage)

occurs in non-raft regions of the membrane (Lakstaret al., 2008).

APP metabolism is strongly influenced by choledtkreels. Expression of the
cholesterol exporting channels ABCA7 and ABCGL1 ells; both of which are
highly expressed in the hippocampus, have beenrshoweduce APP processing
(Tansley et al., 2007; Chan et al., 2008). Knockaluthe cholesterol exporting
channel ABCA1 in mice followed by treatment with choolesterol acceptor
decreased the cholesterol content of cell membrandsdecreased i, secretion
(Burns et al., 2006). The interaction between ARB BACE1 occurs within lipid
rafts, so reducing the cholesterol levels redubesatea of lipid rafts, causing APP
to shift out of lipid rafts and into non-raft areadere it will interact witha-
secretase rather than BACEL, increasingeavage (Kojro et al., 2001; Ehehalt et
al., 2003). Increasing cholesterol levels increas@P and BACEL co-localisation
so increasep-cleavage of APP andfAgeneration (Marquer et al., 2011). APP itself
binds cholesterol in a 1:1 ratio; this interactimay help partition APP into lipid
rafts and so increase amyloidogenic processingRR®R.A-urthermore the cholesterol
binding site in APP is made up from residues intth@smembrane domain which
are adjacent to the-cleavage site. It has been suggested that théngimd APP to
cholesterol may prevent thea-secretase—APP interaction so promoting

amyloidogenic processing of APP (Barrett et al.120 Cholesterol can also



-20-

influence the activity and the specificity pfsecretase, Osenkowski et al showed
that increasing the cholesterol composition of dipmes containing purifieg-
secretase increased the generation @f tAen further increases in cholesterol
decreased A generation. Cholesterol levels also influenced lérgth of the A
produced with higher concentrations of cholesté@rofeasing production of longer
AP species relative to shorterpAOsenkowski et al., 2008). Many proteins that
regulate the location of APP (i.e. raft vs. nort-rafjions) regulate the processing of
APP. For example LRP1 (Low density lipoprotein oe-related protein 1) binds
the C-terminus of APP and re-locates it to lipifksaincreasing f and sAPB

generation while decreasing sAPproduction (Lakshmana et al., 2008).

1.6 The proteolytic processing of APP

The different proteolytic cleavages of APP occur distinct subcellular

locations and are carried out by specific secrstésee figures 1.2 and 1.4).
1.6.1 a-cleavage

There are several candidate proteases ofgecretases, all of which are
members of the ADAMs (A Disintegrin And Metallopeaise) family of proteases:
ADAMY, 10 and 17. Increasing expression of eacADAM9, 10 and 17 increases
SAPRx production, whereas knocking down expression @ese® sAPE production.
ADAMOY, 10 and 17 are all expressed in the brainaj4 al., 2003; Allinson et al.,
2004). It appears that all of these cleave ARR/ivo, and they may be able to
functionally substitute for each other. For examgleockout of ADAM10 causes a
reduction in SAP®, though not complete inhibition (Hartmann et 2002; Vardy et
al., 2005). Although ADAML17 is capable of cleaviA§P, its inhibitor profile and

kinetics do not match with physiological observasidor a-secretase (Parvathy et
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al., 1998), so it is most likely not the main eneynesponsible fou-cleavage of
APP (Allinson et al., 2003). ADAM17 cleavage of AR stimulated by protein
kinase C activation, this occurs at the cell swfaad intracellular compartments
(such as the late Golgi/ TGN), so it maybe involvadstimulated rather than

constitutivea-cleavage of APP (Jolly-Tornetta and Wolf, 2000).

1.6.2 B-cleavage

B-secretase has been identified as BACEXite APP cleaving enzyme).
BACE1 was identified in a screen of a cDNA librdrgm HEK (human embryonic
kidney) cells, when expression of one of the cDNénes increased generation of
AP (Vassar et al., 1999). Purification of this clatemonstrated that BACE1 had the
substrate specificity, optimum pH and inhibitor fdefor B-secretase. BACEL is an
aspartyl protease, with a transmembrane domainaaractive site made from two
separate motifs. It is expressed at low levels lpgtnissues of the body, including
the brain. In the brain BACE1 expression is higheghe hippocampus, the cortex
and cerebellum, whereas expression in glial celigery low/non-existent (however
BACE1 expression has been detected in reactiveasés surrounding amyloid
plagues in mouse brain (Rossner et al., 2001))rdssgon of HA-tagged BACE in
HEK cells showed it is localised to the Golgi, amadosomes (where it is at its
optimum pH), with small amounts in the ER and lysoes (Sinha et al., 1999;
Vassar et al., 1999; Yan et al., 1999). BACE1 m éimdoplasmic reticulum is in its
immature form, it is cleaved by a furin in the Gotg form mature BACE1
(Benjannet et al., 2001). BACEL has a transmembdan®@ain that is required for its
activity (Yan et al., 2001). Most BACEL1 cleavageARP occurs in the late TGN

and endosomes (an acid environment is requireddtivity), however there is some
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in the ER (Schrader-Fischer and Paganetti, 1996jaBeet et al., 2001; Yan et al.,

2001). BACEL ag-secretase is reviewed in (Cole and Vassar, 2007).
1.6.3 y-cleavage

y-secretase is a complex composed of several suts: ulphla, Pen-2,
nicastrin and either presenilin 1 or 2 (De StropR€03; Vardy et al., 2005) (but it
can function in the absence of nicastrin) (Zhaoalet 2010).y-secretase is an
aspartyl protease, and the presenilin subunit deifPS1 or PS2 can be present)
provides the catalytic aspartic acid residues. Pés-required for an activating
cleavage of the presenilin. The other subunits ordy be required for stability and
maturation of the complex (De Strooper, 2003). Mates iny-secretase account for
more than half the FAD cases demonstrating its mapce in the generation offA
in AD (Vardy et al., 2005)y-secretase cleavage of APP has been reported in a
number of subcellular locations such as the nucbkeeelope, the ER, the trans-
Golgi network (TGN), the cell surface and late eswloes. The majority of-
cleavage however, occurs after APP has been treespto the cell surface, then
endocytosed (Kaether et al., 2006; Hare, 201(0)ast also been reported thgth
and A3, generation occurs in separate subcellular locat{plfartmann et al., 1997;

Xu et al., 1997).

There is some variability in the cleavage sitedhaf secretases on APé&-
secretase cleaves APP at bf AB, but othera-cleavage sites have been identified
around this area (at;Eand Qs). These are called’, and are thought to be due to
several different enzymes being responsibledfateavage (Simons et al., 1996).
There is also an additiongicleavage site, callefgl (the p-cleavage site is Dof Ap,
whereas the’ site is at k;). Both p andp’ cleavage of APP are carried out by

BACEL1 (Vassar et al., 1999). Thesecretase cleavage site is not very sequence
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specific which means a range of different sizeftl peptides are produced: it can
vary from 39 to 43 amino acids long (Vardy et 2005). It has been hypothesised
that this is becausesecretase initially cleaves C99 at thsite genereating [ys or
ABag, then continutes “nibbling” at the C-terminus d¥ Aequentially removing two
or three amino acids at a time resulting in theegation of a range of Aspecies

(Takami et al., 2009).
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Figure 1.5 Amyloid precursor protein structure and cleavage sites(A)
The cleavage points of APP ly - andy-secretasex anda’ cleavages are carried
out by a-secretasep and p’ cleavages are carried out by BACEL, andénde
cleavages are carried out by theecretase complex. Cleavage atfth@nd either
of they-sites generatespA(shown in red). Numbering of the residues corraggdo
the 695 isoform of APP. The yellow box represerits tmembrane. (B) Scale
diagram of APRys isoform. The signal sequence is shown in blug,iiAred, and
motifs important for endocytosis and trafficking yellow. The pale yellow box
represents the membrane. “N-linked” representd\ttiaked glycosylation on APP.
“O-linked” represents the complex O-linked glycagidn. The location of the KPI

and Ox2 domain splice site is shown by the insert.
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1.7 The functions of APP metabolites

The different proteolytic cleavages of APP resultthe generation of a
number of different fragments, and these have bleemonstrated to have different
roles within the cell. sSARPhas been shown to be neuroprotective, whereasEAPP
is toxic. The intracellular fragment AICD can barisported to the nucleus where
it is transcriptionally active and alters gene esgion. It is unclear what the
physiological function of @ is but it appears to have roles in cell surviaid

may be involved in modulation of current through @hannels (Plant et al., 2006).
1.7.1 Neuroprotective functions

sAPRi is has been demonstrated to be protective agpingtosomal stress,
UV induced stress, excitoxicity (Mattson et al.939Copanaki et al., 2010), and it
decreases the effects of neuronal injury (Thormbal., 2006). Over-expression of
ADAM-10 (a-secretase) in an AD mouse model increases eARRI decreasespA
SAPRB levels, which improves both LTP (long term potetitin, a process that is
important in the formation of memories) and leagnand memory deficits usually
associated with these mice (Postina et al., 208dlition of SAPR. or SAPB to
primary neurons increases axon growth and decregasesumber and growth of
dendrites (Jin et al., 1994). The axonal growtleef of SAPR are mediated by
MAP kinase (Chasseigneaux et al., 2011). sABRd sAPB have both been shown
to induce neural differentiation in embryonic stamalls (Freude et al.,, 2011),
suggesting they (and APP) may have roles in dewatop. The C-terminal fragment
produced by-cleavage of APP may also have neuroprotectivetimms. CTF can
inhibit y-secretase: it bindgsecretase but is a poor substrate (this is maetlllay
residues 17-23 of CTff, so inhibits A production (Tian et al., 2010). Everg An

its monomeric rather than aggregated form has beewn to be neuroprotective to
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developing neurons again suggesting a role for k\Rfevelopment (Giuffrida et al.,
2009). A3 at low concentrations is neuroprotective and eoésL TP, it is only at

higher concentrations when it becomes toxic (Pezzd., 2012).

1.7.2 Regulation of gene expression

The C-terminal fragment of APP can bind to theao#llular protein Fe65, and
is transported from the cytoplasm to the nucleuthefcell. In the nucleus it binds
the protein Tip60 and forms the AFT transcriptiooamplex (so called because it is
a complex of AICD, Fe65 and Tip60). Nuclear AICDsHeeen shown to regulate the
expression of several genes including neprilysiuagorin, p53, BACE1 and many
others (Belyaev et al., 2010; Ohkawara et al., 28EELkett et al., 2012). There is a
lot of disagreement in the genes regulated by Al@ntified by different groups —
it has been suggested that this is due to the fusiéferent cell lines and cell culture
techniques. AICD is proposed to alter gene expoesby recruiting the MED12
subunit of RNA polymerase Il to promoter sites (Xual., 2011). Only AICD
generated by-cleavage (noty-cleavage) of the 695 isoform of APP is transported

to the nucleus and alters gene expression (Belyaalk, 2010).
1.7.3 Toxicity to cells

AP aggregates are toxic to cells, they cause neurdystrophy and death
when incubated with neurons in culture (Grace et 2002). A8 can exist in a
number of different forms, it is initially generdtdrom cleavage of APP as a
monomer, but it has a high propensity to aggregatkcan form many oligomeric
species, as well as large fibrils. Initially it wdsught that the large fibrils of A
which make up the plaques characteristic of AD wiae cause of the disease,
however the toxic species offAs now widely considered to be the oligomerig A

aggregates. The oligomeric forms of Borrelate better with cognitive decline than
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AR filbril load (Tomic et al., 2009). BOs have been isolated from AD brains
(demonstrating their physiological relevance). Thaye been shown to be toxic to
neuronal cultures, to inhibit LTP and to decreageaptic density (Walsh and
Doherty, 1991; Lambert et al., 1998; Wang et @002 Deshpande et al., 2006;
Shankar and Walsh, 2009). There are a larger nurobetifferent oligomeric
aggregates, with a range of different sizes (fromeds and trimers, to much larger
protofibrils which can be up to 200 nm in diamet@hankar and Walsh, 2009). It
has been suggested that the toxicity ffoNgomers may be caused by aggregates of
AP interacting with cellular proteins disrupting theiormal cellular functions

(Olzscha et al., 2011).

AP can be modified after it has been generated, Xamgle the formation of
pyroglutamate B. These modified forms of A may be more toxic than un-
modified AB, and have also been shown to cause AD-like symptommice, for
example increased neuronal death, and altered lmeia\(Alexandru et al., 2011).
Once A3 has begun to aggregate in the brain it has beewrslio act as a seed
inducing further 4 aggregation. This has been demonstrated by ingctf
containing extracts from transgenic AD mouse braimnie the brains of younger
transgenic mice which induced amyloid pathologyhe brain at a much younger

age (Langer et al., 2011).

Tau protein, which becomes hyperphosphorylatedfamds the tangles found
within neurons that are characteristic of AD, mayrbquired for the toxicity of A
oligomers. Phosphorylation of tau is increased By iAhibition of GSK-3 (which
phosphorylates tau) and tau knockout preverfismfediated impairment in long-

term potentiation (Shipton et al., 2011).
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Besides &, sSAPP also exherts detrimental effects towards neureARH
can be further cleaved into 35 and 55 kDa fragmeartd once cleaved sAPRan
bind the death receptor DR6. It has been postuldtadbinding of SAPR to the
death receptor DR6 activates the receptor, stimmgiapruning of axons in

development and cell death following nutrient degtion (Nikolaev et al., 2009).

It has been suggested that AICD and ngt i8 the toxic species in AD
(Nakayama et al., 2008; Ohkawara et al., 2011)dénwe for this comes from
studies in which AICD, rather than the whole of ARRSs over-expressed in mice.
Over-expression of AICD in mice caused age-dependemronal loss in the
hippocampus and a decrease in working memory ofriice. There was no change
in Ap or AB plague levels in the brains of these mice, andDAl&ver-expression
caused an age dependent increase in tau pathdlbgysuggests that AD symptoms

could be caused solely by increased AICD, rathem #§ (Ghosal et al., 2009).

1.8 Proteins that regulate APP processing

There are many examples of proteins which can atgWPP processing and
so alter the levels of B sAPR:, and sAPB secreted by cells, and therefore
provide potential therapeutic targets for AD (reveel in (Tang and Liou, 2007)).
Proteins that regulate the processing of APP canbioadly split into two
categories — proteins that alter the processin§R® by binding to APP or to the
secretases preventing the APP-secretase intera¢tdoact modulators) and
proteins that alter the processing of APP by altgris trafficking and its location

in the cell (indirect modulators).
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1.8.1 Direct modulation of APP processing

An example of a direct modulator of APP processmghe protein BRI2
(Integral membrane protein 2B). BRI2 is a membrapanning protein that was
identified in a screen for APP interacting proteirsing the split ubiquitin system
(Matsuda et al., 2005). It is expressed in therbaaid found in the axons of neurons
(as is APP). BRI2 is found at especially high leveh dystrophic neurites
surrounding plaques, and mutations in BRI2 cause Additlike dementia
(Fotinopoulou et al., 2005). BRI2 co-immunopreapes with APP, and expression
of BRI2 in cell lines causes a decrease f2oAAB42, SAPRy and CTHe but increases
SAPRB. Expression of BRI2 in mouse models of AD decrsdseth A3, and ABs,
(Fotinopoulou et al., 2005). BRI2 expression alsduces expression from APP
transactivator genes, suggesting it causes a dechedhe levels of AICD (Matsuda
et al., 2005). BRI2 can interact with mature, bot immature APP, and can interact
with CTH3 but not CTk. A mutant form of BRI2 that is retained in the ERnot
able to alter APP processing, and APP-BRI2 compldreare been identified on the
surface of cells suggesting BRI2 binds to APP dhbas been trafficked to the cell
surface (Matsuda et al., 2011). Deletion mutantsABP were created and the
interaction of these with BRI2 was determined byimmeunoprecipitation of the
mutants with BRI2. This showed that the 17 aminmlsiof APP adjacent to the
membrane spanning domain (on the N-terminal siceeasential for BRI2 binding
APP. These 17 amino acids are in the N-terminaloregf Ap (Matsuda et al.,
2005). These studies led to the hypothesis that #RPBRI2 are synthesised in the
ER then trafficked separately through the secretpaghway where they are
glycosylated to become the mature forms of thegimet At the cell surface, or
following endocytosis, BRI2 binds to APP coverirtte u- and y-cleavage sites

preventing access by secretases and so decredditity,sAp, CTFa, and AICD
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production. The3-cleavage site remains exposed so APP is cleav@d fagher than
a-secretase resulting in increased spRFoduction (Fotinopoulou et al., 2005;

Matsuda et al., 2005; Matsuda et al., 2011).
1.8.2 Indirect modulation of APP processing

One of the most well characterised examples ohdireéct modulator of APP
processing is SORLA (sorting protein-related recBptSORLA was predicted to be
involved in transport of proteins between the Galgd endosomes as it interacts
with many adaptor proteins that act as shuttlesvdet these compartments.
SORLA expression is decreased in AD in the frootatex suggesting it may have a
role in AD (Andersen et al., 2005). Expression @R&.A in cell lines caused a
decrease in B, sAPRy, and sAPB secretion from the cell, suggesting it has a role
in APP processing. Surface plasmon resonance aalytigal ultracentrifugation
studies showed that SORLA binds the 695, 751 arfidigaforms of APP in a 1:1
ratio and APP and SORLA co-localise when expresseell lines (Andersen et al.,
2005). This interaction caused APP to accumulaténiracellular compartments
reducing cell surface APP levels, which meansdtrait come into contact with the
secretases, and so explains the reduction in ABfqlytic processing caused by
SORLA expression (Andersen et al., 2005). Expressfa mutant form of SORLA
that traffics to the cell surface rather than rerimayj in intracellular vesicles caused
an accumulation of cell surface APP. To confirmstheeffectsin vivo SORLA
knockout mice were created, and these mice hadeased sAP® and A3
production. The APP-SORLA interaction was confirmed/ivo by co-localisation
of SORLA and APP in mouse brain (Andersen et @05). The expression of
SORLA is regulated by brain-derived neurotrophictéa (BDNF), which is known

to have protective effects in AD. BDNF increases ¢éxpression of SORLA, and so
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causes a decrease iy Aroduction due to the effects of SORLA on APPficking

(Rohe et al., 2009).

For further examples of proteins that interact vaitid regulate APP processing

see table 1.1.
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Table 1.1 A selection of proteins that regulate APPBrocessing

Protein Effect Mechanism
ABCA7 Decreases sAREP sAPBB, |,direct
AB, CTH, CTRe and
AICD Exports cholesterol from the cell, so
decreases cholesterol in the
membrane, though this hasn’t been
proven (Chan et al., 2008).
ABCG1 Increases  Pao, APaz, No mechanism propos¢Tansley
SAPR and sAPR et al., 2007).
ApOER?2 Increass AP, decreass C- Multiple contradictory effects o
terminal fragments of APP processing are reported for
APP, ApoER2. This is because different
isoforms of the receptor have
different effect (Fuentealba et al.,
2007; King (Thesis), 2011).
BDNF Decreases i\ Indirect
Increases expression of SORLA
which prevents APP transport into
early endosomes (Rohe et al.,
2009).
BRI2 Decreases B sAPR. and pjrect

AICD, increases sARP _ _
Binds APP preventing access to the

a- andy-cleavage sites, but leaving
the B-cleavage site exposed
(Fotinopoulou et al., 2005; Matsuda
et al., 2005; Matsuda et al., 2011).

Continued overleaf
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Table 1.1 A selection of proteins that regulate APBrocessing (continued)

Protein Effect

Mechanism

CD74 Decreases secreted B Indirect

(not cytoplasmic 8)

Re-locates APP to intracellular
structures preventing amyloidogenic
cleavage of APP (Matsuda et al.,
2009).

Cellular  prion Decreases A
protein (PrP)

Direct

PrP interacts with BACEVia
glycosaminoglycans so prevents
BACEL1 from interacting with and
therefore cleaving APP (Parkin et
al., 2007).

Flotillin-2 Increases A

Indirect

Flotillin is required for endocytosis
of APP so removing flotillin
decreases APP endocytosis and
thereforeB-processing of APP
(Schneider et al., 2008).

F-spondin Decreas@sCTF

The mechanism is unknown, but it
binds to APP, and therefore may
prevent the APP-BACEL interaction
(Ho and Sudhof, 2004).

Grp94/Grp 78 Decrease sARP and
increase sAPP

Indirect

Acidosis and ER stress increase
expression of Grp 78 and 94 which
bind the KDEL domain of APP
retaining it in the ER preventing
processing and increasifig
processing (Xiang et al., 2010).

Continued overleaf
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Table 1.1 A selection of proteins that regulate APBrocessing (continued)

Protein Effect Mechanism
LRP1 Increases B and sAPB, |.girect
decreases sARP ] )

Interacts with the C-terminal of
APP targeting APP to lipid rafts
promoting amyloidogenic
processing, (Lakshmana et al.,
2008).

LRRTM3 Increases pand SAPB Modulates3-cleavage of APP bt
not through altering BACEL1 activity
(Majercak et al., 2006).

NEEP21 Decreases sARP sAPH, No mechanism propos«Norstrom

CTH3, AB, and changesetal., 2010).
the ratio of CTB:CTFo.
The effects of NEEP21

knockdown on APP
processing are different in

different cell lines.

Nogo receptor

Decreases B sAPRB and pjrect

SAPRy _
Binds APP and prevents the

secretases interacting with APP
decreasing all cleavages of APP
(Park et al., 2006; Park and
Strittmatter, 2007).

Reticulon
family proteins

Decrease A and sAPB Indirect

Re-locates BACEL1 from the Golgi
to the ER where it is less active
resulting in decreasdiicleavage of
APP (He et al., 2004; Hu et al.,
2007; Shi et al., 2009).

Continued overleaf
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Table 1.1 A selection of proteins that regulate APBrocessing (continued)

Protein Effect

Mechanism

SNX33 Increases sAlBP

Indirect

Prevents endocytosis so APP
remains at the cell surface
preventing cleavage If}tsecretase
and promoting cleavage ly
secretase (Schobel et al., 2008).

SORLA Decreases [A sAPR and
SAPRB

Indirect

Interacts with APP and retains it in
the ER preventing it coming into
contact with the secretases
decreasing all cleavages of APP
(Andersen et al., 2005).

X11 proteins Decrease pA sAPP, and
CTF$

Indirect

X11 proteins bind the GYENTPY
motif in the C-terminal of APP, and
have been proposed to prevent its
lipid rafts location, so redude
processing (Kondo et al., 2010).
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1.8.3 Thein vivo APP interactome

In 2008 a mous@ vivo brain interactome for APP was published (Bai et al
2008). This was performed by perfusing the brainsice with para-formaldehyde,
which cross-links proteins in close proximity tockeother and so cross-links any
proteins that are interacting. The brain tissue thae homogenised and APP (along
with any cross-linked proteins) was immunoprecipiiiusing antibodies to the C
and N terminus. Proteins that had been co-puriiigth APP were identified by
liquid chromatography and tandem mass spectronagimjysis. Several proteins that
had already been identified as APP interactors werdirmed, and some of the
novel interactions were confirmed by co-immuno-fpiation experiments,
validating the methodology of this approach. Theractomes for APLP1 and 2
were also investigated and were different from ithieractome of APP, which
demonstrates the specificity of the approach, petesproteins were found in all
three interactomes. Many novel APP interactingginst were identified (though the
authors point out that these may not necessariljifeet interactions), and different
groups of proteins were pulled out depending on AR antibody used in the
immunoprecipitation step. Antibodies directed te tG-terminus of APP mostly
identified cytoplasmic proteins (possibly involvedthe trafficking of APP through
the secretory pathway), whereas N-terminal APP badies identified many

extracellular proteins (Bai et al., 2008).

The in vivo brain interactome is an important step in idecaifion of APP
interacting proteins, as unlika vitro interaction studies (such as yeast 2 hybrid) it
shows proteins which do interact with APP in a polggical setting, rather than
proteins which can interact with APP in an artdicenvironment. Three proteins

identified by Bai et al., (2008), neurofascin, @mtin proteins, and Thy-1, were
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selected, and the role of these protein in APP Inodéitan was investigated (see

chapter 3).
1.8.3.1 Neurofascin

Neurofascin is a type | membrane protein with sixdomains and five
fibronectin type Il domains (Hortsch, 1996), arsdhighly glycosylated with both
O- and N-linked glycosylation (Volkmer et al., 199@igure 1.6). There are a
number of isoforms of neurofascin which are diffgi@ly expressed throughout
development: isolation of neurofascin mMRNA from eyamic chick brains
identified 50 different neurofascin isoforms (Hdss¢ al.,, 1997). Neurofascin
isoforms have been shown to interact with severateins, and regulating the
isoform of neurofascin expressed can modulate thetseactions (Pruss et al.,
2006). Different isoforms of neurofascin have distifunctions. For example the
NF186 isoform (so called because it migrates abkeaoular weight of 186 kDa on
SDS-PAGE) has been shown to inhibit neuronal owtgrp whereas the NF155
isoform promoted neurite outgrowth (Koticha et @005). Neurofascin knockout
mice have been generated, but died 6-7 days aiftikr. B\nalysis of the mouse
brains before six days of age showed that theiramsuappeared normal, however
conduction velocities were decreased compared lth tyype mice (Sherman et al.,

2005).

Neurofascin is involved in saltatory conduction.isTlis a method of rapid
nerve impulse conduction, which requires myelimatiof axons. Axons are
myelinated by Schwann cells (glial cells), myelioatcauses formation of nodes of
Ranvier on axons, these form at the points whemsvand the myelinating glia
interact. Neurofascin has a role in assemblingrandiiting proteins to the node and

paranode, and also mediates the neuron — gliaactten. NF155 on the Schwann
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cell interacts with contactin on the neuron, andL88-on the neuron interacts with
gliomedin on the Schwann cell (Sherman et al., 2005e role of the NF186

isoform in APP proteolytic processing is furthevastigated in chapter 3.
1.8.3.2 Contactins

The contactins are a subgroup of six proteins @adints 1-6) all of which
are glycosyl phosphatidylinositol (GPI) anchoredtpms from the Ig superfamily,
with four fibronectin type Il domains followed bsix Ig domains (Shimoda and
Watanabe, 2009) (figure 1.6). The six contactingeh#0-60% identity (Kamei et al.,
2000), and are highly expressed in the brain an® Ca contactin precursor was
identified as one of the major glycoproteins in brain (Huang et al., 2004)) with
different expression patterns for different coritec({Reid et al., 1994; Watanabe et
al., 1995; Kamei et al., 2000). The contactins hbeen implicated in neuronal
outgrowth and cell-to-cell interactions: contactiris located at synaptic sites and
addition of a soluble form of contactin 1 to donsadt ganglia cultures increased the
proportion of neurons extending processes (Durlteal.e 1992; Berglund and
Ranscht, 1994). Contactin knockout mice have beseated, and knockout of the
different contactins cause different phenotypes.nt@din 1 knockout mice,
although normal at birth, develop ataxia and dosuwmvive for longer than 18 days.
Furthermore the cerebellum of contactin 1 knockuige is 17 % smaller than that
of wild type mice (Berglund et al., 1999). Contacfl and contactin 5 knockout
mice, on the other hand, did not have any majatdebus phenotype (Fukamauchi

et al., 2001; Li et al., 2003).

There are several reasons to believe that consattay have an important role
in AD. A study aiming to identify potential biomasks for AD found a 1.9-fold

increase in isoform 1 of contactin 1 and a 2.4-foldease in contactin 2 in the CNS
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of AD patients compared to controls (Yin et al.09)) Expression of contactin 1
was decreased in hippocampus and cerebellum of agésl over 30 months
(Shimazaki et al., 1998), and contactin 2 expressizas decreased in the
hippocampus of 8 and 20 month old mice comparévieek old mice (Tachi et al.,
2010). Contactin 1 has been shown to bind the natodptor and causeesecretase
dependent generation and nuclear localisation tftimtracellular domain (Hu et
al., 2003; Hu et al., 2004), so contactins may diswe a role iny-secretase
dependent release of AICD. Contactins 2, 3, anawk lbeen shown to bind APP,
and contactin 5 to bind APLP1 (Ma et al., 2008;etf&tld et al., 2008). Expression
of contactin 2 in cell culture caused an increas€TFu, CTH and ay-secretase
dependent increase in AICD showing that contactirca2ld be involved in
regulation of APP proteolysis (Ma et al., 2008) n@tin 4 has also been shown to
increase both APP and CTFwhen over-expressed in cell culture (the incraase
CTFu was greater than that of APP), demonstratingdbatactin 4 may also have a
role in regulating APP proteolysis (Osterfield ket 2008). Contactins may also have
a genetic link to AD: contactin 5 was one of 13 @eshowing an association with
AD in a genome wide association study (Harold et 2009). An association of
contactin 5 with neuroimaging measures for AD (sashvhite matter lesion volume
and entorhinal cortex thickness) has also beernrtexb@Biffi et al., 2010). The role

of contactin 5 in the proteolytic processing of AR&s investigated in chapter 3.
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Figure 1.6 The structure of the proteins contactin5, neurofascin 186, and

Thy-1. The transmembrane anchors, the N- and O-glycoewlatnd the fibronectin

type lll domains and Ig domains of contactin 5,néascin, and thy-1.
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1.8.3.3 Thy-1

Thy-1 (also called CD90) is another GPI anchorednbirane protein and is
also a member of the Ig superfamily of proteins BNand Doherty, 1991) (figure
1.6). Thy-1 has been implicated in many cellularctions. It is important in cell-to-
cell and cell-to-matrix interactions, it may act astumor suppressor in certain
cancers, it may have a role in apoptosis, andrhasinological functions (Rege and
Hagood, 2006). Thy-1 is expressed in mature buimadeveloping neurons, and in
continually branching axons Thy-1 expression isydiound in areas of the axon
where growth is complete (Xue et al., 1991). Thé &®hor of Thy-1 also means it
is localised to lipid rafts, where amyloidogeniogessing takes place. Thy-1 can be
shed from its GPI anchor, and its GPI anchor isugi to be important for cell
signalling (Haeryfar and Hoskin, 2004). Its expressand location at the cell
surface has also been demonstrated in severalblastoma cell lines (Kemshead et

al., 1982).

Thy-1 has been previously implicated in AD. Distition of Thy-1 in neurons
was found to be altered in AD brains compared te-mgtched control brains.
Additionally there was decreased Thy-1 stainind\i brains, though it is not clear
whether this reflects loss of Thy-1 expressing aesy or decreased Thy-1

expression in neurons (Leifer and Kowall, 1992).

1.9 Genome-wide association studies

Initial genetic research into AD was driven by itdication of mutations that
caused familial AD, but the vast majority of AD eag95%) are sporadic AD, and
these are not caused by dominant mutations in geneh as APP and the

presenilins (Pimplikar, 2009). There is, howevegemetic component to sporadic
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AD, and recent advances in technology have allogedome-wide association
studies (GWAS) with large enough sample numbersldtect single nucleotide
polymorphisms (SNPs) that are related to sporadic 8everal genes have been
related to sporadic AD in this way, and differenidses have identified different
genes. Genes that have been consistently idenbfieseveral GWAS includ€LU
(encodes the protein clusteriBIN1 (bridging integrator 1)PICALM (phosphatidyl
inositol clathrin associated lymphoid myeloidD2AP (CD2 associated protein),
EPHA1 (ephrin receptor A1)CR1 (complement receptor IABCA7 (ATP binding
cassette transporter A7GD33 and theMS4A gene cluster (Harold et al., 2009;
Bertram and Tanzi, 2010; Seshadri et al., 2010;raSguillo et al.,, 2011,
Hollingworth et al., 2011; Hu et al., 2011; Wijsman al., 2011). It has been
estimated that these nine genes could explain 0% of sporadic AD genetics

(Morgan, 2011).

Hollingworth and collegues grouped the genes thatehbeen linked to
sporadic AD into groups of related functions, angjgests that this gives us an
insight into processes involved in sporadic AD (kgiworth et al., 2011). The
proteins CLU, CR1, ABCA7, CD33 and EPHAL all hawdes in immune system
function, PICALM, BIN1, CD33 and CD2AP are involvedprocesses occurring at
the cell membrane, while APOE, CLU and ABCA7 areoimed in lipid processing.
No function has been assigned for the MS4A4 geust&l so these do not yet fit
into any group (Harold et al., 2009; Bertram antZia2010; Seshadri et al., 2010;

Hollingworth et al., 2011).
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1.10The importance of endocytosis in the development of

Alzheimer’'s disease

Several of the genes identified from SAD GWAS anelved in endocytosis
(BIN1, PICALM, and CD2AP) suggesting alterationseimdocytic pathways have
a role in the development of AD. Endocytosis hasimportant role in AD
pathology, and is involved infAgeneration (Koo and Squazzo, 1994}, tAxicity
to neurons (Song et al., 2011), angl @dearance from the brain by transport ¢f A
across the blood brain barrier (Mackic et al., )998ther studies have also
implicated endocytic proteins as contributors to.AD 2011 using a yeast model
of AP toxicity Treusch et al., screened a library of steapen reading frames
(approximately 90% of the yeast genes) for moduatd AB toxicity (Treusch et
al., 2011). Twelve of the modulators identified Hadman homologues, three of
which were endocytosis related genes, including/dast homologue of PICALM,
and the yeast homologue of synaptojanin (whichraats with BIN1) (Treusch et
al., 2011). Furthermore, defects in endocytic patfsshave been demonstrated in

several models of AD.
1.10.1Evidence for endocytosis disruptions in Alzheimer'slisease

Slices from sporadic AD but not familial AD braifmsve enlarged early
endosomes, suggesting the endocytic pathway iseggated in sporadic AD
(Cataldo et al., 2000). These changes in endosomeevere also observed in
regions of the brain where there was not yet angatigble amyloid deposition
showing that defects in the endocytic pathway oaanty in AD pathogenesis.
Alterations in endosome size are not seen duringnab aging or in other
neurodegenerative diseases, suggesting defectglatyosis are a specific factor

for AD (Cataldo et al., 2000). The clathrin medehtndocytosis proteins clathrin,
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dynamin and PICALM have been shown to be up-regdlat the cortex of aged
AD model mice (Thomas et al., 2011). Levels of eyic proteins (dynamin,
synaptophysin, and AP180) have been shown to beeawssd in AD brains and in
an AD mouse model. Levels of dynamin and synaptsipinvere decreased in the
brains of rats injected with },, and this significantly reduced the performance of
these rats in the Morris water maze test demoisgréibat this treatment resulted
in cognitive defects (Yao and Coleman, 1998; Yaalgt1999; Cao et al., 2010).
Treatment of hippocampal neurons withf Aas been shown to decrease
endocytosis of a fluorescent dye showing@an disrupt endocytic pathways (Cao
et al., 2010; Bate and Williams, 2011)3 Aas been shown to alter clathrin
distribution and decrease endocytosis in a yeastemof AD (Treusch et al.,
2011). APPswe (an FAD causing mutant of APP) exgangsneurons grown in
culture gradually accumulate intracellular3,Aand endosome trafficking and
synapses become altered suggesting th@tcAn cause abnormalities in the
endocytic pathway in neurons (Tampellini et al.120 Endocytosis is important
in three main areas ofpAtoxicity in AD; AB generation, f uptake by cells, and

AP clearance from the brain.
1.10.2The role of endocytosis in A generation

APP is transported to the cell surface, then enseyl back into the cell, so
most APP is found in intracellular vesicles (Cosseal., 2010)p-cleavage of APP
occurs in endosomes, where tifesecretase (BACELl) is located and the
environment is acidic providing the optimum pH BACE1 activity (Vassar et al.,
1999). Endocytosis has been shown to be requiredfiogeneration botlin vitro
using cell lines (Koo and Squazzo, 1994), andivo in mouse brains. Inhibition of

endocytosis decrease$ Aeneration (Koo and Squazzo, 1994; Ehehalt eR@03;
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Cirrito et al., 2008; Schneider et al., 2008; Gaadgt al., 2009), and has been
shown to increase-cleavage of APP (which preclude$ Aormation) (Schobel et
al., 2008) in cultured cell lineg-cleavage of APP has been shown to occur in a
recycling compartment of cells, rather than in seeretory pathway, therefore3A
generation must occur after APP has reached thewéhce and been endocytosed
(Kaether et al., 2006; Hare, 2010). Endocytosieauired for synaptic activity, and
the concentration and deposition off An the brain is highest in areas where
synaptic activity of neurons is highest (Bero et aD11). Synaptic activity also
enhances the binding of f®s to synapses, so endocytosis may have a role in
targeting the BOs to synapses, by causing zinc release from ns{feshpande et
al., 2009). Endocytosis has been shown to be rmedjuior synaptic activity-
dependent B secretion (Cirrito et al.,, 2008). As well as beiggnerated within
endosomes, B\ can aggregate into toxicf®s inside endosomes (Takahashi et al.,

2004).
1.10.3The role of endocytosis in A toxicity to cells

There is a significant volume of evidence th#t i& endocytosed by neurons,
and that this is required for its toxicity 34 added to rat cortical neurons was taken
up by, and accumulated in, the cells. This was emtad by both general
endocytosis inhibitors and inhibition of clathriretiated endocytosis demonstrating
that A3 can be endocytosed in a clathrin-dependent wayetyal., 2010a; Cizas et
al., 2011; Song et al., 2011). Cells with high lsvef internalised B4, showed
increased lysosomal and endosomal activity, antbaation of the endosomal
protein cathepsin D throughout the cell, demonisigathat A3 alters the endosomal
pathway. Cortical neurons treated witlf§,A undergo apoptosis, however this was

prevented by general endocytosis inhibitors showiraj endocytosis is important
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for ABO toxicity (Song et al., 2011). A high concentratiof ABOs was used in this
study (10 uM), however, fOs have been shown to decrease cell viability aemo
physiological concentrations (500 nM) and this basn prevented by &zchelators
and treatment with methy-cyclodextrin, both of which inhibit endocytosisiZ&s
et al.,, 2011). However, not all reports confirmtthiae endocytosis of Os is
clathrin dependent. Yu et al., (2010) showed thhbagh endocytosis of fFOs was
required for toxicity in a neuroblastoma cell lintis was not prevented by
inhibiting clathrin-mediated endocytosis, whereaseagal endocytosis inhibitors and
inhibitors of clathrin-independent endocytosis wabde to reduce the toxic effects
of ABO treatment (Yu et al.,, 2010a).pAs taken up by cells co-localised with
transferrin demonstrating that they are taken upebglocytosis (again this was
prevented by inhibiting endocytosis). Unlike trarsih, A3Os are transported to
lysosomes and accumulate rather than being degratiedh suggests a potential
mechanism for their toxicity (Chafekar et al., 2OBinally it has been suggested
that amyloid oligomers may exert their toxicity laggregating with cellular

proteins, which would require their uptake into @ytosol (Olzscha et al., 2011).
1.10.4The role of endocytosis in A clearance from brains

A major mechanism of clearance off Arom the brain is its rapid transport
across the blood brain barrier (Shibata et al.,020Most A3 injected to mouse
brains is removed by this mechanism, very littldegraded in the brain (it can then
be degraded in blood and removed from the bodyhbyiver) (Shibata et al., 2000;
Zlokovic, 2011). A was rapidly taken up by human brain microvasceiatothelial
cells in anin vitro model of the blood brain barrier, and this uptales prevented
by endocytosis inhibitors (Mackic et al., 1998) gesting that endocytosis also has

a role in transcytosis of ([Aacross the blood brain barrierp &Alearance from the
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central nervous system (CNS) has been shown toebesased in sporadic AD
(Mawuenyega et al., 2010).pAhas been shown to bind to the protein p75NTR, a
receptor on the cell surface. Binding of ligandsth® p75NTR receptor can
stimulate clathrin-dependent endocytosis, and ilgd kxpression of p75NTR in
smooth muscle and endothelial cells of the chopdékus suggests it may have a
role in the transcytosis of fAfrom the brain to the blood, as well as in the
degradation of A (Zhou and Wang, 2011). Defects in endocytosis7&NIR not
only prevented the removal and degradation ¢f, Adut also stimulated its
aggregation acting as a seed fgr &ggregation (A aggregates are high in areas of
the brain where p75NTR is expressed) (Zhou and \W20iyl). A3 has been shown
to be internalised by human primary smooth muselks into endosomes, and this is
inhibited by pre-treatment with trypsin suggestiegeptor-mediated endocytosis is
responsible for the uptake. Uptake was also inddblity incubating cells with a lipid
deficient serum, implicating the involvement of eceptor from the low-density-
lipoprotein receptor family (Urmoneit et al., 199Hor example anti-LRP1 (low
density lipoprotein receptor-related protein 1)ilzodies decrease fAclearance
from brain, and LRP-1 expression levels are highrain microvessels and decrease
with age (Shibata et al.,, 2000). Several other nram® receptors have been

implicated in A trancytosis across the blood brain barrier.
1.10.5BIN1

Chapter 4 of this thesis focuses on investigatibBIdN1 in APP and A&
metabolism. BIN1 was identified as a sporadic Afikéd gene by GWAS, and is
involved in endocytosis, therefore is likely to baa role in either A production,

up-take or clearance.
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1.10.5.1The splicing and expression of BIN1

BIN1 was first identified in a yeast 2-hybrid saneehich aimed to identify
myc interactors. It is located at chromosome 2dddgprev et al., 1996) and is
localised to the nucleus. When its gene was ma@dl, was found to be close
to other oncogenes which, along with its abilitypind myc, suggested it has roles
in cancer and regulation of the cell cycle (Negoetval., 1996). Meanwhile,
analysis of rat brain homogenates identified agwnothat was highly homologous
to the protein amphiphysin and had a role in ciathrediated endocytosis, so it
was named amphiphysin Il (Tsutsui et al., 1997ye®&ad groups have shown that
amphiphysin Il is actually an alternatively spliciaim of BIN1 (Ramjaun et al.,
1997; Tsutsui et al., 1997). There are severatratare splicings of the BIN1
gene, and different isoforms are expressed by rdiftetissues (Tsutsui et al.,
1997). The widely expressed isoform of BIN1 comssisof a BAR
(BIN1/Amphiphysin/RVS167 related) domain, a regiorique to BIN1, a nuclear
localisation sequence followed by another regioimgus to BIN1, and its C-
terminus contains regions involved in protein-piot@teractions (a myc binding
domain and an SH3 (src homology) domain). The bsagrcific isoform of BIN1
lacks the nuclear localisation signal, and contéons extra brain-specific domains
(figure 1.7) (Wechsler-Reya et al., 1997). This lebsto the suggestion that the
widely expressed isoform of BIN1 is located in thecleus, where it has functions
relating to cell cycle regulation and cancer, wheréhe brain-specific isoform is
located in axons and at nodes of Ranvier (Butleal.et1997) and has a different

function.
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Non-neuronal isoform

INEARNNN U1 [NLs[ U2 VESDRNSHEN

Brain-specific isoform

Figure 1.7 The non-neuronal and brain specific idorms of BIN1. The

different splice-forms of non-neuronal and brainedfic BIN1. BAR is

BIN1/Amphiphysin/RVS167 related domain, Ul and W& eegion unique to BIN1,
NLS is the nuclear localisation sequence, MBD &stiyc binding domain, SH3 is
the src homology domain. The brain-specific isofarantains four brain-specific

exons shown in blue.
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1.10.5.2The functions of BIN1

Immuno-fluorescence staining of rat brains shoagqulinctuate distribution
of BIN1 in neurons suggesting it is located at pges. Further evidence for this
synaptic location was the co-localisation of BIN&ising with staining for the
protein synaptophysin which is localised at syraptirminals (Ramjaun et al.,
1997). The highest levels of BIN1 were found ineteilum, hippocampus CA1l
and CA3 regions, and pontine nucleus. BIN1 stainwmas very similar to
amphiphysin | staining, suggesting it may have @y &milar role in endocytosis
to amphiphysin I. Immuno-electron microscopy hasated BIN1 even more
precisely to the outer surface of synaptic vesiples/iding further support for a
role in endocytosis (Wigge et al., 1997). Furthemmogeneration of an
amphiphysin | knockout mouse resulted in not ohly &bsence of amphiphysin |
but also BIN1. This mouse had defects in synapgiole recycling suggesting that
BIN1 functions with amphiphysin | during endocy®gDi Paolo et al., 2002).
BIN1, like amphiphysin I, has been shown to binchayin, clathrin, and the
adaptor protein AP2: these molecules are required dlathrin-mediated
endocytosis (Ramjaun et al.,, 1997). BIN1 and antpl§m | can form a
heterodimer, which can bind two dynamin molecukfesa heterodimer BIN1 and
amphiphysin | are able to increase the rate of gsiae triphosphate (GTP)
hydrolysis which provides the required energy fad@cytosis (the monomeric
forms are unable to do this) suggesting that therbdimer may initiate dynamin
oligomerisation then assists in the conformatiarte@inges required for fission of
the vesicle (Wigge et al., 1997). The importanceuwiphiphysin for endocytosis
was demonstrated by amphiphysin | knockout mice2 dimphiphysin | knockout
mice had decreased synaptic vesicle recyclingcahd50 % of the mice survived

to 10 months of age. They also performed signitigamorse in the Morris water
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maze test than wild type animals. Interestinglyewlamphiphysin | was knocked
out levels of BIN1 were also reduced (shown by immiluorescence and western
blot) despite BIN1 mRNA levels being unaltered ssjmg amphiphysin | is
required for the stability of the BIN1 protein (Plaolo et al., 2002). A BIN1
knockout mouse line has been created. BIN1 knocmlhot alter amphiphysin |
levels, so the stability of amphiphysin | is notpdadent on BIN1. Levels of
amphiphysin in mouse brain peak at six months efthgen decreased with aging
(Yang et al., 2008). BIN1 knockout also did notsaany structural alterations in
the brain (Muller et al., 2003). BIN1 knockout midé shortly after birth, so
experiments were conducted on mouse embryoniclfiasts. Surprisingly, BIN1
knockout fibroblasts showed increased uptake aréscently-labelled transferrin
as compared to wild type cells and there was neratlbn in the number of
clathrin-coated synaptic vesicles (Muller et aDP3). As previously mentioned,
BIN1 has a number of different isoforms which axpressed throughout the body,
so the premature death of these mice may not betalimss of function of the

brain-specific isoform of BIN1.

1.11 Alzheimer’s disease therapeutics

Over the last decade much effort has been putdet@loping anti-amyloid
therapeutics for AD. The attempted strategies @sgiit into two main groups —
therapies that aim to decrease the production &f afd therapies that aim to
increase the degradation of AThere have also been attempts to create drugs tha
prevent the aggregation ofpAKawasaki and Kamijo, 2012; Powell et al., 2012;
Sharma et al., 2012), though this is not a popagoroach as it is mechanistically
very difficult. Scyllo inositol has been shown torih a complex with A2

converting it from a structured to unstructured tmmmation that is not toxic to
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neurons (McLaurin et al., 2000), however scyllosita did not cause a significant

improvement in clinical trials (Salloway et al.,0%).
1.11.1Preventing AB generation

1.11.1.1Inhibiting B-secretase

The B-secretase, BACEL, is the rate limiting step fa& generation of A and
so has been a very attractive target for AD tharapge Coupled with thisp-
secretase activity is increased in the brains of A#lients, suggesting that
decreasing the activity of BACE1 could provide dfe@ive treatment for AD.
However, there are difficulties with targeting BACEThe active site is large which
means generation of specific inhibitors is difficulseveral of the initial attempts at
generation of BACEL1 inhibitors were not viable lasyt used peptide-based substrate
analogues which inhibited other aspartic proteasdise brain (such as BACE2 and
cathepsin D) (Citron, 2002; Nawrot, 2004). This Idolead to unacceptable side
effects. In 2002 the first crystal structure of iahibitor in complex with BACE1
was solved, and this allowed structure-based designnhibitors. This study
demonstrated that inhibitors with a low #r BACE1 can be generated without
filling the entire active site (Hong et al., 200&hich is advantageous as it allows
molecules to be small enough to cross the bloodh varrier. Several BACE1
inhibitors with high specificity and low jkhave been developed (Ghosh et al., 2008;
Bjorklund et al., 2010), but none of these havemed the clinicp-secretase knock
out mice have been created — initially these amoetr have a normal phenotype
lending support to the idea that BACEL inhibitienai viable therapeutic avenue for
AD treatment (Benjannet et al., 2001; Luo et &)QP2, Yan et al., 2001). However,
closer examination of BACE1 knockout mice seversrg later showed they had

some abnormal cognitive and emotional functionswadl as altered insulin
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metabolism (Kobayashi et al., 2008; Meakin et a@012). Although BACEL1l
knockout in transgenic mouse models of AD can resha AD phenotype (Ohno et
al., 2004; Nishitomi et al., 2006; Cole and Vas28&0Q7; McConlogue et al., 2007,
Kimura et al., 2010), the recent demonstration BRCE1 knockout mice present
deleterious phenotypes suggests complete inhibitdonBACE1 would have

detrimental side effects.
1.11.1.2Inhibiting y-secretase

An alternative to inhibition of-secretase is inhibition of the other enzyme
required for generation of fA— y-secretase. Many molecules that inhibgecretase
and therefore prevent generation ¥ Aave been developed (Siemers et al., 2007;
Fleisher et al., 2008), yet like BACEL1 inhibitorsne have succeeded in clinical
trials. In many cases the reason for this has beacceptable side effects (such as
altering gastro-intestinal and immune cell funclicaused by the drugs: knockout
of y-secretase in mice is lethal suggesting that ifopess vital functions in the cell
(Shen et al., 1997; Wong et al., 200#)secretase is involved in the proteolytic
processing of other molecules apart from APP -ef@mple the Notch protein (De
Strooper et al., 1999) which is important in depet@nt (Daudet et al., 2007;
Boulton et al.,, 2008; Nagase et al., 2011) as wasliseveral other proteins (e.g.
ApoER?2 receptor, cadherins, low density lipoprotegeptors, ang-subunits of
voltage gated sodium channels) so complete inbibitif y-secretase would prevent
all of these proteolytic cleavages. Furthermonteavage of APP generates not only
AP but also AICD which may be important for the fuoning of the cell (Chang
and Suh, 2010). There is also evidence that comphibition ofy-secretase may
cause decreases in memory (Tamayev and D'Adami®)20his has led to the

development ofy-secretase modulators (Kukar et al., 2008). Theedufate the
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activity of y-secretase rather than inhibiting it completely, édgample decreasing
the production of B40 and A34,, but increasing Bsz and Ass (less toxic species of
AB), while not altering AICD generation (Kounnas &t 2010), ory-cleavage of

other substrates (Fraering et al., 2005).
1.11.1.3Activating a-secretase

An alternative to inhibiting the \generating secretases is to activatedthe
secretase, as cleavage of APP dagecretase prevents the generation @f é
secretase can be activated by activating proteiase C (PKC). PKC activators that
reduce A generation have been identified in cell cultureuth it remains unclear
whether this reduction is due to increasetleavage or activation of fjAdegrading
enzymes (Nelson et al., 2009). There are potemtieablems with targetingr-
secretase: thei-secretase cleaves numerous other substratesdimgliNotch.
Altering Notch cleavage has caused many problemg-fecretase targeting AD
therapeutics (Bozkulak and Weinmaster, 2009), sstgge that drugs targeting-
secretase may have similar side effects. Furtheritimre have been several reports
that alteringo-secretase activity does not affedt generation (Blacker et al., 2002;
Gandhi et al., 2004; Peng et al., 2007), whichscdetibt on whether arsecretase
activator would be effectivan vivo. There are several proteins capable of
performing theu-cleavage of APP, which can functionally substitistieeach other
(see section 1.6.1) so the protein targeted mankenportant factor in whether the

increasedi-cleavage results in a change ifi deneration.
1.11.2Activating A p degradation

1.11.2.1Activating Ap degrading enzymes

Rather than preventingpAgeneration, another therapeutic strategy which has

been explored is to increase the activity @ degrading enzymes, thus increasing
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AP clearance. The mainfAdegrading enzymeis vivo are neprilysin (NEP) and
insulin degrading enzyme (IDE), (Kurochkin and Gdt894; Qiu et al., 1998; Iwata
et al., 2000). Over-expression of IDE or NEP in s®unodels of AD decreased
both soluble & and A3 plagues, reduced markers of pathology in the bréoch
as gliosis and dystrophic neurites), and reducedritidence premature death of the
mice (Leissring et al., 2003; EI-Amouri et al., 3)0Potential for an A degrading
drug has been demonstrated by Jacobsen et al9)(20® targeted plasminogen,
another enzyme which can degrad@ Aacobsen et al. identified a small molecule
inhibitor which increases the generation of plasrgan from its inactive precursor.
Transgenic mice dosed with this compound had ise@#3 degrading activity and
reduced A levels in their brain, as well as an improvement.TP and memory
(Jacobsen et al., 2008). Activators of IDE havenbeeveloped (Song et al., 2003;

Cabrol et al., 2009) but none have reached theclin
1.11.2.2lmmunotherapy

One of the most successful potential therapiesADr is immunotherapy.
Immunotherapy aims to use anti-amyloid antibodeetatget 4 for destruction by
the immune system. There are two main forms of imotherapy, passive and
active. Passive immunotherapy involves treatingept&d with anti-A antibodies,
whereas in active immunotherapy patients are vatethwith A8 and the anti-f
antibodies are generated by the patient’'s own inemaystem. This approach was
very successful in mouse models, however clinigalst had to be halted early as
some patients developed brain inflammation. Analydithe data from this halted
trial showed that even though treatment with thibady decreased [Aplaques in
the brain, there was no change in totfl l&vels and no improvement of cognitive

function (Kokjohn and Roher, 2009). The anfi-Aantibody drug bapineuzumab
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which passed initial clinical trials (Salloway ét, 009) has recently failed phase 3
clinical trials on the basis that it did not resuft a change in cognition
(http://www.pfizer.com/news/press_releases/pfizezsp release.jsp?guid=2012072
2012072en&source=RSS_2011&page=3, Pfizer press asele The latest
immunotherapy drug in development, CAD106, hasqhgsitial clinical trials and
did not cause severe adverse side effects, bemiains to be determined whether it
has any positive effect on the symptoms @rldad of AD patients (Winblad et al.,
2012). Other recent work has aimed at developinipadies specifically to A
oligomers. The advantages of conformation speaifittbodies is that they do not
recognise & monomers (so do not get mopped up binding just@daomer), do not
bind to sAPR or APP (so do not prevent these performing theimal function in
the brain) and do not bind topAibrils (binding to fibrils could increase the kisf

an inflammatory response in the brain). These hasen successful in mouse

models (Hillen et al., 2010).

Despite much effort being put into the developnrtherapies targeting (A
and their success in AD mouse models, none of thage passed clinical trials (e.g.
(Malamas et al., 2009)). It has been suggestedtliiis because at the point AD
symptoms become evident, too much neuronal damage decurred for any
treatments to be successful: too many neurons Hek too many synapses have
been lost and amyloid deposition is too great i@nmge. Treatments may need to
start in the preclinical or mild cognitive impairnmtestages of the disease to have any

symptomatic benefit to patients (Golde et al., 3011
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1.12Aims

The metabolism of APP is an important determinanthe development and
pathogenesis of AD, yet relatively little is curtigrknown about the regulation of
APP, and how this is altered in AD. Several druggyeting APP metabolism
(inhibiting AB production) have failed in clinical trials demaasing the current
lack of a full understanding of the role of APPtine pathogenesis of AD. Several
proteins have been identified that can regulateptbeessing of APP, and many of
these are altered in AD or during aging. Since itietabolism and proteolytic
processing of APP is so tightly regulated by a darpmber of APP-interacting
proteins, studies of these proteins represent domininto the normal regulation of
APP, and the potential to identify new drug targetsAD. The first part of this
study investigates three novel APP interacting @ns, neurofascin, Thy-1 and
contactin 5. Due to their proximity to APP and Bnto Alzheimer’'s disease we
hypothesised that these proteins have a role imabelation of APP metabolism,

and, specifically, f generation.

Recent GWAS into sporadic AD have identified selvenavel genes
associated with AD, and these have in turn higidighthe importance of certain
cellular processes in the development of AD. GWASehshown us that processes
at the cell membrane, specifically endocytosis,iavelved in the development of
AD. Endocytosis has been shown to be dysregulaged early in AD pathology,
and plays an important role in the metabolism ofPABnd the A peptide.
Endocytosis (or lack of endocytosis) of APP deteeni whether the toxic
aggregation prone [Apeptide or the non-toxic p3 peptide are generited APP
cleavage. Endocytosis is also required for thekgptand arguably for the toxicity of

AP by neurons, as well as for the clearance of thigéptide from the brain. In the
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second part of this thesis we hypothesised thatetm#ocytic protein BIN1 is
involved in the generation of fAby altering the endocytosis of APP, or in the

endocytosis of toxic A oligomers by cells.
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2 Materials and methods

2.1 Materials

Unless stated otherwise, chemicals and reagents Wwem Sigma-Aldrich
(Pool, Dorset, UK). Absorbance 96 well plate assagse determined using an

OPSYS MR plate reader from Dynex (Worthing, Wesis®x, UK).
2.1.1 Antibodies

HRP-conjugated secondary antibodies were from Sigtdeach Ltd (Pool,
Dorset, UK), AlexaFludt conjugated secondary antibodies and Texas-red
conjugated streptavidin were from Invitrogen LifeieSices (Paisley, Scotland, UK).
Primary antibodies used in western blotting areaitkxt in table 2.2, and primary
antibodies used in immuno-fluorescence microscomy A3 ELISA are detailed in

the appropriate methods.
2.1.2 Molecular biology general materials

Yeast extract and tryptone were from Melford (Ipswi Suffolk, UK), agar
was from Oxoid (Basingstoke, Hampshire, UK). Mieiprand maxiprep plasmid
purification kits, and gel extraction kits were rirxdQiagen (Crawley, West Sussex
UK). Ncol, Kpnl, and Xbal were from New England Bibs (Hitchin,
Hertfordshire, UK) and Eco01091 was from Ferment@en Burnie, Maryland,
USA) E.coli XL1 blue competent cells were from Stratagene (Mgikam,
Berkshire, UK). All polymerase chain reaction reatgewere from Invitrogen Life
Sciences (Paisley, Scotland, UK) except primerskvinere purchased from Sigma-

Aldrich Ltd (Pool Dorset, UK). One kb DNA ladder svtom New England Biolabs
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(Hitchin, Hertfordshire, UK). Petri dishes wererfrdterilin (Fischer Scientific UK

Ltd, Loughborough, Leicestershire, UK).
2.1.3 General tissue culture materials

Unless stated otherwise all tissue culture reageet® from Lonza (Basel,
Switzerland). Sterile pipettes were from Sterildegvport, UK), flasks, plates and
cryovials were from Nunc A/C (Rosklide, Denmarkgt®d bovine serum was from
Biosera (East Sussex, UK). OptiMEM reduced seraimnedvas from Invitrogen
Life Sciences (Paisley, Scotland, UK). TransIT-LffAnsfection reagent was from
Mirus (Madison, WI, USA). siRNA and siRNA reagent&re from Dharmacon
(Lafayette, CO, USA). HEK-ARJs cells, SH-SY5Y cells and N2a-ARR cells

were from Dr Katherine Kellet (University of Leeds)

2.2 Cloning methods

2.2.1 Cloning cDNA into a eukaryotic expression vector

BIN1 in pcDNA3.1(+) (NM_139343) was obtained frorougce Bioscience
(Nottingham, UK), Neurofascin (IMAGE 40068186), tactin (IMAGE 40146650)
and Thy-1 (IMAGE 6137513) cDNAs were obtained fr@ource Bioscience and
cloned into the eukaryotic expression vector pIR&ES(Clontech, Saint-Germain-
en-Laye, France). ARR in a pIREShyg vector was provided by previous memmb
of the Hooper lab and has been described previo(Bélyaev et al., 2010).
pIRESneo and plIREShyg vectors contain an interitlmdsome entry sequence
(IRES) which allows polycistronic mMRNA molecules lte transcribed. The IRES
sequence in these vectors is between the genéeoésh and the antibiotic resistance
gene, and means the gene of interest and the@itikesistance gene are translated

from a single mRNA transcript. This is advantageasist means that expression of
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the antibiotic resistance gene in the absenceeofjéime of interest does not occur,
therefore all cells that survive the selection pohae express the gene of interest

(Rees et al., 1996).
2.2.2 Culturing E.coli

2.2.2.1 Luria-Bertani media (LB media)

A sterile pipette tip was used to pick a singleong from a LB-agar plate. The
pipette tip was deposited in 5 ml LB media (10ygptone, 5 g yeast extract and 5 g
NaCl were dissolved in 1 litre of de-ionised watden autoclaved and allowed to
cool to 37°C or below). Either ampicillin or kanomycin was addo the media to a
final concentration of 100 pg fhland the culture incubated for 8 hours af@7n
an orbital shaker at 250 rpm. For experiments whecalture volume larger than 5
ml was required the 5 ml starter culture was usednoculate a conical flask
containing 200 ml LB media supplemented with aotibi The 200 ml culture was

incubated at 37C at 250 rpm in an orbital shaker overnight.
2.2.2.2 LB-agar plates

Agar was dissolved in LB media (15 g agar pee laf media) then autoclaved
and allowed to cool to below 5€. Ampicillin or kanomycin was added to a final
concentration of 100 pg fhithen the LB-agar was poured into petri dishes and
allowed to set at room temperature. LB-agar platee stored for up to one month
at 4°C. One hundred microlitres &.coli growing in LB media were spread across
the surface of pre-warmed LB-agar plates then iatd over-night at 37C.
Colonies from LB-agar plates @&-.coli from a glycerol stock were picked using a
heat-sterilised metal loop and streaked acrossufface of a pre-warmed LB-agar

plate, then incubated over-night at &7
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2.2.3 Glycerol stocks

Nine hundred microlitres d.coli growing in exponential phase in LB media

were added to 100 pl of 80 % glycerol in a cryothan stored at -8tC.
2.2.4 Plasmid purification

Plasmids were extracted fraicoli and purified using a QIAspin miniprep kit
from QIAGEN according to the manufacturer’s protoddNA was eluted with 50
ul warm ddHO or the elution buffer provided in the kit. Thencentration of DNA
was determined by absorbance at 260 nm using aphatameter from Implen
(Munchen, Germany), or samples were subjected &voag gel electrophoresis,
stained with ethidium bromide, and the intensitytd sample was compared to the
intensity of a standard (1 kb DNA ladder, New EmnglaBiolabs). The ratio of

absorbance at 260 nm to 280 nm was used to detetirernpurity of DNA.
2.2.5 Polymerase chain reactions (PCR)

PCR was carried out using a Proteus Il thermalecy@ielena Biosciences,
Gateshead, Tyne and Wear, UK). The reaction cyated according to the cDNA
being amplified. For specific reaction cycles saad 2.1, for primer sequences see
table 2.2. Reaction volumes were made to [BOwith sterile ddHO. The
amplification of the correct product was confirmeyl agarose gel electrophoresis.
PCR products were excised from the gel using apstand purified by gel

extraction using a QIAgen gel extraction Kit.
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Table 2.1: PCR Reactions

Reaction

Reaction Mix

Cycle

Cloning neurofascin

1x amplification buffer,
0.3 mM each dNTP, 1.35
mM MgSQ, 0.3 mM
primer p3, 0.3 mM primer
p4, 200 ng neurofascin
cDNA (IMAGE
40068186), 1 U pfx
polymerase, 2x enhancer
solution

94 °C for 5 minutes,

(94 °C for 30 seconds,

55 °C for 30 seconds,

68 °C for 4 minutesx30,

72 °C for 10 minutes, 4 °C
hold.

Cloning Contactin 5

2x amplification buffer,
0.3 mM each dNTP, 1.35
mM MgSQ, 0.3 mM
primer p1, 0.3 mM primer
p2, 200 ng contactin
cDNA (IMAGE
40146650), 1 U pfx
polymerase, 2x enhancer
solution

94 °C for 5 minutes,

(94 °C for 30 seconds,

55 °C for 30 seconds,

68 °C for 4 minutesx30,

72 °C for 10 minutes, 4 °C
hold.

Cloning Thy-1

2x amplification buffer
0.3 mM each dNTP, 1.35
mM MgSQ, 0.3 mM
primer p5, 0.3 mM primer
p6, 200 ng Thy-1 cDNA
(IMAGE 6137513),1 U
pfx polymerase, 1x
enhancer solution

94°C for 5 minutes

(94 °C for 30 seconds,

55 °C for 30 seconds,

68 °C for 1 minutex30,

72 °C for 10 minutes, 4 °C
hold.
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Table 2.2 Primer sequencedAll primers are shown in a 5™ to 3" direction.

Name Primer Sequence

pl Forward primel GATGCTCGTGAGCGGCCGCATGGCTTCCTCTTC
for cloning GAAACTAATGCT
contactin 5

p2 Reverse prime CATAGGAATTC TCACCAGGAAGTTGAAGGAAT
for cloning CATCA
contactin 5

p3 Reverse prime GCTAGGAATTC TTAGGCCAGAGAGTAGATAGC
for cloning ATTGAC

neurofascin 186

p4 Forward primei GATGCTCGTGAGCGGCCGCATGGCCAGGCAG(
for cloning CACCGCC
neurofascin 186

ps Forward primei  GATGCTCGTGAGCGGCCGCATGAACCTGGCCA
for cloning Thy- TCAGCATCGCT
1

p6 Reverse primer CATAGGAATTC TCACAGGGACATGAAATCCGTG
for cloning Thy- GCC
1

p7 Primer for TCTTGGAAACTAATGCTGTTTCTG
sequencing
contactin 5

p8 Primer for GAAATGGAACAGAAATAGATCTGGA
sequencing
contactin 5

p9 Primer for GGTGAAAAACACAGTGACGAAT
sequencing
contactin 5

pl10 Primer for GGGAGCCCTCTCCGAT
sequencing
contactin 5

pll Primer for GGATCCTAAATGCTTCCAAATC
sequencing
contactin 5

pl2 Primer for CCAGGCCCACCTGG
sequencing
contactin 5

pl3 Primer for GGGGAAGGCTTCGGCTATAT
sequencing
contactin 5

Continued overleaf
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Table 2.2 Primer sequences (continued)

Sequence

pl14

Primer for
sequencing
contactin 5

TAACAGGATTAGAAGGAAATACGTTATATC

plt

Primer for
sequencing
neurofascin 186

CCAGGCAGCCACCG(

pleE

Primer for
sequencing
neurofascin 186

ATGCAGCCTTCCTCCTCT(

Primer for
sequencing
neurofascin 186

GGTGTCTAAATCTCCTCTGTGG(

Primer for
sequencing
neurofascin 186

ATCGCCTCC

Primer for
sequencing
neurofascin 186

GCAGGGCTGTGTACCAGT(

p2C

Primer for
sequencing
neurofascin 186

GGGCACCACGGTGCy

p21

Primer for
sequencing
neurofascin 186

CAGTTCCAACCTGGGGTCT

p22

Primer for
sequencing
neurofascin 186

AGGCTGAAAATGACTTCGGG

p23

Primer for
sequencing
neurofascin 186

TACCGTGGGTGCGACG

p24

Primer for
sequencing
neurofascin 186

TCCCGGGATGACATACACG

p25

Primer for
sequencing Thy-
1

GCCAT CAGCATCGCT CTC

p26

Primer for
sequencing Thy-
1

CCCCACAGTGCCAAAGAG

Continued overleaf
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Table 2.2 Primer sequences (continued)
Name Primer Sequence

p27 Primer for GGCATCTGAGGAATGATAAAGATT
sequencing
contactin 5

p2¢ Primer for ACGACAGGGTCTAGGTTTTCC
sequencing
neurofascin 186

p2< Primer for TTTTGGCACCAAAATCAACG
sequencing
genes inserted to
pIRESneo
(binds at the
promoter)
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2.2.6 Agarose gel electrophoresis

Agarose powder to make a 0.8 % w/v gel was addefAE buffer (40 mM
Tris-HCI, 10 mM sodium acetate, 2 mM EDTA pH 8.@deheated in short bursts in
a microwave until the agarose had dissolved. Tlaecsg was then poured into a gel
cast and allowed to set. Samples and 1 kb DNA ladeee diluted 1/3 with sample
buffer (50 % glycerol, 0.25 % bromophenol blue)ded onto the gel and subjected
to electrophoresis at 100 V for 1 hour. Agarosesgekre stained with 10 pl
ethidium bromide diluted in 20 ml TAE buffer for mgoximately 30 minutes

protected from light, and visualised under U.Vhtig
2.2.7 Restriction digests

2.2.7.1 For cloning

Neurofascin, contactin and Thy-1 PCR products drmglfrom the vectors
supplied by Source Bioscience, and empty pIRESwecg digested with restriction
enzymes. Approximately 2 pg contactin 5, neurofgsand Thy-1, or 5 pg empty
pIRESneo, were incubated with 20 U EcoRI, 20 U N, 0.2 ug BSA in 1x NEB
buffer 4 at 37 °C for 16 hours. The restrictionygnes were then heat-inactivated by
10 minute incubation at 6%. To prevent the linearised pIRESneo plasmid fogm
circularizing digested plasmid was incubated form3ibutes at 37 °C with 0.5 U
Antarctic phosphatase in 1x Antarctic phosphatasiteeb (New England Biolabs,

Hitchin, Hertfordshire, UK).
2.2.7.2 To confirm insertion of genes into pIRESneo

Plasmids were purified from transformed colonisgng a Qiagen spin-mini

prep kit, then 10 pl of each mini-prep were incdateth either 20 U Eco0109I in
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1x Fermantas buffer tango buffer 4, 20 U Kpnl, @@2BSA in 1x NEB buffer 1 or

20 U Ncol in 1x NEB buffer 3 for 4 hours at 2.
2.2.8 Ligation

Ligations were performed using a Quick Ligatiot kKiom New England
Biolabs (Hitchin, Hertfordshire, UK) according foet manufacturer’s instructions. A
3 molar excess of insert was ligated into 50 ngIRESneo using 2000 U Quick T4
DNA ligase in 1 x Quick Ligation Reaction Buffer éW England Biolabs, Hitchin,
Hertfordshire, UK). This was incubated for 5 mirsitd room temperature then used

immediately in transformation of XL1 blugcoli cells.
2.2.9 Transformation of XL1 blue cells

B-mercaptoethanol (1.7 pl) was added to 100 pl Xlie kcompetent cells
which were then incubated for 10 minutes at 4 °@h wixing by gentle swirling
every 2 minutes. The ligation reaction was addedh® cell suspension, and
incubated for a further 30 minutes at 4 °C. Celserheat shocked for 45 seconds at
42 °C, then incubated for 2 minutes at 4 °C. Nioadned microlitres of S.O.C.
media (2 % tryptone (w/v), 0.5 % yeast extract jwi® mM NacCl, 2.5 mM KCI, 10
mM MgCl,, 10 mM MgSQ, 20 mM glucose) at 42 °C were added to cells and
incubated for 1 hour at 37°C with shaking. Bacterae spread onto LB-agar plates

with 100 pg pif ampicillin as a selection marker, and incubateeroight at 37 °C.
2.2.10Ethanol precipitation of DNA

One tenth volume of 3 M sodium acetate pH 5.2 tarcdvolumes of absolute
ethanol at -20C were mixed with the DNA then incubated for 1 haiir-20 °C.
DNA was pelleted by centrifugation at 11,38at 4 °C for 20 minutes, then washed

with 300 pl 80 % (v/v) ethanol at -AC, and centrifuged again at 11,3§%or 5
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minutes at 4 °C. The supernatant was discardedhanpkllet was air dried at 37 °C,

then re-suspended using sterile gdH
2.2.11Sequencing

Insertion of genes into pIRESneo was confirmedtljir by restriction
digestion, and then by sequencing. Sequencingioeacivere performed by Dundee
Sequencing Services using forward primers designgidg the OligoPerfetY
primer design tool by Invitrogen (see table 2.2 famer sequences). Sequencing
results were then aligned with the expected tera@A using the freely available

web tool MultAlin (http://multalin.toulouse.inra/fmultalin/multalin.html).

2.3 Tissue culture methods

2.3.1 Tissue culture

SH-SY5Y (human neuroblastoma), HEK (human embxydmdney) and N2a
(mouse neuroblastoma) cells were cultured in DWbscModified Eagle Medium
(DMEM, 1 ml per 5 crf surface area) supplemented with 10 % fetal bosarem
(FBS), in a humidified incubator at 37°C with 5 %L Once cells had reached
90 % confluency they were rinsed twice with phosphbuffered saline (PBS)
without C&" or Mg®* (PBS-M, diluted from 10x stock) then harvestedeb$-10
minute incubation at 37 °C in PBS-M (1 ml per 16 curface area). The resulting

cell suspension was diluted into DMEM and trangféitio a fresh flask.
2.3.2 Counting cells

Cells were rinsed twice with PBS-M, then harvestad a 5-10 minute
incubation in PBS-M. Cells were pelleted by centtion at 1,409 for 3 minutes

and resuspended in an appropriate volume of DMEBIIsGvere diluted 1/2 in
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trypan blue, 20 pl cell suspension was pipette® @nhaemocytometer, and cells
that had not taken up trypan blue stain within dinel areas at each corner of the

slide were counted. The mean count for each grisltaiken.
2.3.3 Stable transfection

SH-SY5Y or HEK cells were stably transfected witkpression vectors by
electroporation. Contactin 5 in pIRESneo vector Vuasarised before transfection;
this was performed by digesting plasmid with Xb20 U Xbal, 1x NEB buffer 4,
and 30 pg cDNA, incubated for 2 hours at 37 °Chakol precipitated DNA was
used in transfection of SH-SY5Y and HEK cells. €eliere grown to approximately
80 % confluency in a T80 chilask in DMEM supplemented with 10 % FBS, then
harvested by washing into PBS-M and pelleted byrifagation at 1,409 for 3
minutes. Cell pellets were re-suspended in 700 MEM (without FBS), then
mixed with either 30 pg DNA (transfection) or anua@lent volume of ddkD
(control) in a 4 mm gap width electroporation ciweefGeneflow, Staffordshire,
UK). Cells were electroporated using an Electrd ®nipulator 630, with a pulse
at 250 V (Resistance = none, Capacitance=1650gl€gtroporated cells were
resuspended in 5 ml warm DMEM (with 10 % FBS), arahsferred to a T80 ¢m
flask containing 10 ml DMEM. Cells were grown to papximately 70 %
confluency, then selected for cells expressingpitwgein of interest using DMEM
supplemented with either 1 mg ™IG418 (for pIRESneo and pcDNA3.1(+)
vectors), 0.15 mg ritl hygromycin (for pIREShyg vectors). Once contralséad
been killed off, transfected cells were cultured & further 7 days in DMEM

supplemented with either G418 or hygromycin.
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2.3.4 Cryopreservation of cells

Cells were grown to confluence in T80 Tftasks, and then harvested by a 5-
10 minute incubation in PBS-M. Cells harvested frome T80 crh flask were
pelleted by centrifugation at 1,4@%or 3 minutes. The cell pellet was resuspended
in 1 ml of freeze media — DMEM supplemented with %7(v/v) FBS and 10 %
(v/v) dimethylsulphoxide (DMSO), then transferreml @ cryovial and cooled to
-80 °C in a Mr Frosty for 24 hours. Cells were sf@nred to liquid nitrogen for long

term storage.
2.3.5 Transient transfection

N2a-APRgs cells were grown to approximately 50 % conflueicya 6-well
plate then tranfected with contactin 5 cDNA usingriSIT-LT1 transfection reagent
according to the manufacturer’s instructions (vadsnof reagents were altered
slightly to increase transfection efficiency). Blye 6 pl room temperature TransIT-
LT1 transfection reagent and 2 pug ethanol predait®NA were diluted in 250 pl
OptiIMEM reduced sera media, incubated for 20 misaieroom temperature, then
added drop-wise to one well of a 6-well plate. €allere incubated for 24 hours
with transfection mixture then washed twice with§?Bnd incubated for 48 hours

with OptiMEM reduced sera media.
2.3.6 siRNA transfection

Cells were transfected with 50 nM ON-TARGET plusiARTpool siRNA
from Dharmacon. siRNA was diluted to 0.5 pM in ®fEM reduced sera media,
and Dharmafect 3 was diluted to 40 pl™nih OptiMEM and incubated for 5
minutes at room temperature. The diluted sSiRNA veakled to the diluted

Dharmafect and incubated for 20 minutes at room pt¥ature. The
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siRNA/Dharmafect mixture was diluted with DMEM, gbat the final siRNA
concentration was 50 nM, then this mixture was use@place the media on cells.
Cells were incubated for 24 hours with the trarnséecreagents then washed twice

with PBS and incubated with OptiMEM reduced seraiae

2.4 Western blotting methods

2.4.1 Preparation of cell lysates

Cells were washed twice with PBS-M then were hstag by scraping into
PBS-M, and pelleted by 10 minute centrifugatioreher 3,913g or 15,115g at
4°C. Cells were lysed by re-suspension in RIPAshmiffer (50 mM Tris, 150 mM
NacCl, 0.5 % (w/v) Sodium deoxycholate, 1 % (v/vp-M0, pH 8.0) with EDTA
complete protease inhibitor cocktail (Roche Diagiess West Sussex, UK), and
incubated at 4°C for 30 minutes. Cell lysates vikem centrifuged at >13,0@pfor

10 minutes at room temperature. Supernatants wenedsat -20 °C.
2.4.2 Preparation of concentrated media samples

OptiMEM reduced sera medium was removed from aalld centrifuged for
10 minutes at either 3918or 15,1159 at 4 °C to pellet any cells. Supernatant was
then concentrated approximately 50 fold using \fpas100,000 Da molecular
weight cut off polyethersulfone membrane conceatrgSartoris Stedim Biotech,
Surrey, UK) by centrifugation at 3918at 4 °C. Concentrated media samples were

stored at -20 °C.
2.4.3 BCA protein assay

Protein concentrations of samples were determimgdbicinchoninic acid

(BCA) assay. Lysates were diluted in ddHon a 96 well plate (1al sample per
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well) and 200 pl 4 % CuSQiluted 1/50 in BCA reagent was added. The plaas w
incubated at 37C for 20-30 minutes, enough time to allow suffi¢iearple colour

to develop in sample and standard wells, thenliserdance measured at 570 nm. A
standard curve made up with BSA diluted in d@Hwvas used to determine the

protein concentrations of lysates.
2.4.4 Sodium dodecyl sulphate gel electrophoresis

A BCA assay was performed on samples in order temdardise the
concentration of protein loaded. Samples were deedtby heating to between 90
and 100 °C for 4 minutes in 1x sample buffer (1M ffris pH 6.8, 2.2 % (w/V)
SDS, 1.6 % (w/v) DTT, 11 % (v/v) glycerol) followelly centrifugation at
>13,000g for 1 minute at room temperature. Samples weretrelghoresed on
polyacrylamide gels (running buffer: 25 mM Tris,2L&hM glycine, 0.1 % (w/v)
SDS, pH 8.3, from Bio-rad, Hempstead, Hertfordsh&), then transferred to a
PVDF (polyvinylidine difluoride) membrane (transféuffer: 150 mM glycine,
20 mM Tris, 20 % (v/v) methanol). Percentage acnytke of gels, voltage, and
transfer times were varied according to the mokecubeight of protein being

analysed (see table 2.3).
2.4.5 Western blotting

Membranes were blocked in PBST 5 % (w/v) milk (wedumilk powder made
up in PBS 0.1% (v/v) Tween: PBST), rinsed threeesinbriefly in PBST then
incubated with primary antibody diluted in PBST 2(%/v) BSA for overnight at
4 °C (see table 2.3 for dilution). Membranes wereethshree times briefly with
PBST, then washed three times for 10 minutes in TRB&th brief rinses in
between. HRP-conjugated secondary antibodies wiereedl 1/4000 in PBST 2 %

(w/v) BSA (see table 2.3) and incubated for a 1rhauroom temperature with
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membrane. Membranes were rinsed three times birefBST, then washed for 10
minutes in PBST followed by two 10 minute washesPBS without Tween.

Membranes were developed by 1 minute incubationgudi ml luminol enhancer
solution and 4 ml peroxide solution (Thermo Sci@ntiWaltham, MA, USA).

Membranes were imaged wusing a LAS3000 imager (GEalthicare

Buckinghamshire, UK), exposure times varied. Paisd molecular weight
standards (Fermentas, Glen Burnie, Maryland, USASrewused to estimate
molecular weight of proteins. Membranes were s&tpm 1 mM glycine pH 2.0 for
30 minutes, then re-probed for actin. As a contool loading, membranes were
stained with 0.1 % (w/v) amido black, 1 % (v/v) iceacid for 2 minutes at room

temperature then destained withGHto visualise total protein.
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Table 2.3: Antibodies and conditions used in westarand dot blotting

Antigen Antibody  Dilution Secondary  Conc. Poly- Transfer
acrylamide

Neurofascir Ab31457 1/200 Goat ant- 7% 3 hours 30(
(Abcam, rabbit mA
Cambridg
e, UK)

Contactin!  AF3030 1/500 Rabbitant 7% 80 minutes
(R&D goat 120 Vor 3
systems, hours 300
Abingdon, mA
UK)

Thy-1 MAB2067 1/2000 Rabbit anti- N.A. N.A.
(R&D mouse
systems,
Abingdon,
UK)

APP (full 22C11 1/2500 Rabbit anti- 7% 80 minutes

length) (Millipore, mouse 120 Vor 3
Billerica, hours 150
MA, mA
USA)

SAPHB 1A9 (a gift 1/2500 Rabbit anti- 7% or 10% 80 minutes
from incubated mouse 120V or 3
GlaxoSmit overnight hours 150
hKline, at4°C mA
Harlow,
UK)

SAPRx 6E10 1/4000 Rabbitant 7% or 10 80 minutes
(Covance, mouse 120 Vor 3
New hours 150
Jersey, mA
USA)

Continued overleaf
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Table 2.3: Antibodies and conditions used in western and dot lbtting

(continued)
Antigen

Antibody  Dilution

Secondary

Conc. Poly- Transfer

acrylamide

APP (C-
terminal)

A8717
(Sigma
Aldrich,
Poole,
Dorset,
UK)

1/75C

Goat ant-
rabbit

4-17%

50 minutes
380 mA

GFF

EGFP
(Clontech,
Saint-
Germain-
en-Laye,
France)

1/500(

Rabbit ant-
mouse

12%

80 minutes
120V

PICALM

HPA0190
53
(Sigma-
Aldrich)

1/1000

Goat anti-
rabbit

10%

80 minutes
120V

BIN1

Ab54764
(abcam,
Cambridg
e, UK)

1/1000

Rabbit anti-

mouse

10%

80 minutes
120V

Actin

Acl5
(abcam,
Cambridg
e, UK)

1/5000

Rabbit anti-

mouse

N.A.

N.A.

Fibrilar A
epitope

OC (gift
from C.
Glabe,
University
of
California,
USA)

1/500(

Goat ant-
rabbit

N.A

N.A.

Pre-fibrillar
AP epitope

Al1l (gift
from C.
Glabe,
University
of
California,
USA)

1/1250

Goat anti-
rabbit

N.A.

N.A.
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2.5 Dot blotting

One pg AOs was spotted onto nitrocellulose membrane (GEltht=zae,
Buckinghamshire, UK), then air dried for 15 minutdeembranes were blocked for
4 hours in 10 % (w/v) milk (marvel milk powder madp in Tris A buffer (0.1 M
tris, 0.85 % (w/v) NaCl, 0.1 % (v/v) Triton X-10@H 7.5)), rinsed three times
briefly in PBST then incubated with primary antilyodiluted in Tris A buffer
containing 3 % (w/v) BSA overnight at’€ (see table 2.3 for dilutions). Membranes
were rinsed 3 times with PBST, then had three 1Gutei washes in PBST, with
brief rinses in between. HRP-conjugated secondatipadies were diluted 1/4000
in Tris A buffer containing 2 % (w/v) BSA (see tal®2.3) and incubated for 1 hour
at room temperature with the membrane. Membranes viesed 3 times in PBST,
then washed for 10 minutes in PBST followed by tWbminute washes in PBS
without Tween. Membranes were developed by a oneuteiincubation in 4 mi
luminol enhancer solution and 4 ml peroxide solutiMembranes were imaged
using LAS3000 imager (GE healthcare, BuckinghaneshiK), exposure times

were varied.

2.6 Fluorescence microscopy

2.6.1 Method A, for determining A internalisation:
2.6.2 Growth of cells

Thirteen mm glass coverslips (VWR, West Sussex Wkje coated with fish-
skin (FSG) gelatine by a 30 minute incubation v@@® pl 0.1 % (v/v) FSG in a 24-
well plate at 37°C. FSG was then removed and SHYSMIs were plated onto the

coated coverslips in order to be approximately 8%&onfluent the following day.
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2.6.3 Fixing and staining cells

Following treatment with BOs coverslips were rinsed three times with PBS
(with C&* and Md*, PBS+M)) then fixed by a 10 minute incubation with%
paraformaldehyde (PFA, diluted in dgbl from a 16 % stock from Alfa Aesar,
Ward Hill, MA, USA). The PFA was removed and quesdiwith 1 ml 50 mM
NH,4CI. Coverslips were washed three times for 5 mswgh PBS+M, then cells
were permeabilised by a 4 minute incubation in PB®*2 % (v/v) Triton X-100.
Coverslips were rinsed twice with PBS+M then blatkar 18 or more hours at 4°C
with 5 % FSG in PBS+M (sterilised using a 0.2 pitef). Cells were then stained
with primary antibody: coverslips were transferrél a moist chamber and
incubated for 1 hour at room temperature with 2@mntl-BIN1 antibody (ab54764)
diluted 1/500 in 5 % (v/v) FSG. Coverslips werengi@rred back to the 24-well
plate and washed three times for 5 minutes with #\BS Coverslips were
transferred to the moist chamber and stained wéttorsdary antibodies: 20 pl
AlexaFluof® 488 conjugated donkey anti-mouse (secondary fof1Bland Texas-
red conjugated streptavidin (secondary for bioatstl A3) diluted 1/500 in 5 %
FSG were incubated with coverslips for 1 hour amaemperature protected from
light. Coverslips were then transferred back tow# plate and washed for 10
minutes with PBS+M. Nuclei were stained by 10 méniricubation with 2 pg rifl
4’,6-diamidino-2-phenylindol dihydrochloride (DAPInvitrogen Life Sciences,
Paisley, Scotland, UK) at room temperature. Coiggshere washed a further two
times with PBS+M for 10 minutes each. Coverslipsesiaen mounted face down
onto glass slides using Fluoromount G (Southerm@8iot Birmingham Alabama,
USA). Slides were dried overnight at 4 °C then aised using a DeltaVision
Optical Restoration Microscopy System (Applied Ben, Issaquah, Washington,

USA).



-79 -
2.6.4 Method B, for determining cell surface APP and NMDAR:

SH-SY5Y-APRysBIN1 and SH-SY5Y-APRspcDNA3.1(+) cells were
plated at 50,000 cells per well on 13 mm glass &by in a 24-well plate, so that
they were 80 % confluent the following day. Thelselere washed twice with
PBS+M at 4°C then incubated for 30 minutes with primary andigpaliluted 1/200
in PBS+M (6E10 for APP, SAB2500699 (Sigma Aldri€mole, Dorset, UK) for the
GIuN2B subunit of the NMDA receptor) at’@. Cells were washed twice with’@
PBS+M, then incubated for 10 minutes with DMEM #her 37°C or 4°C. Cells
were washed twice with PBS+M at’@ then fixed, permeabilised and stained with
secondary antibodies using the same procedure #®M@é. Secondary antibodies
used were Alexa Fluor 488 conjugated donkey antisedfor APP or AlexaFlu8r

488 conjugated donkey anti-goat for NMDA receptor.
2.6.5 Taking and quantifying images

Cells were visualised using a DeltaVision Opti€storation Microscopy
System (Applied Precision, Issaquah, WashingtonAJSnd data stacks at
excitation 360 nm and emission 457 nm (DAPI, (n)glexcitation 490 nm and
emission 526 nm (FITC, for APP, BIN1, or NMDAR),excitation 555 nm and
emission 617 nm (Texas-red, for biotin taggef) Avere taken for 20 cells per
treatment condition. Data stacks were deconvolvethgu SoftWoRx software
(Applied Precision, Issaquah, Washington, USA). dem were analysed using
Image J software. For each cell an image from thddim of the Z-stack
representing a slice through the centre of the eedls selected. For (A
measurements the total fluorescence intensity pofrAand around the cell and the

fluorescence intensity of Aclose to the edges of the cell were measured %4 o
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AP fluorescence inside the cell (as opposed to bdaritie edge of the cell) was

determined.
2.6.6 Preparation of Ap oligomers

Synthetic amyloid-beta oligomers [{@s) were prepared from biotin tagged
monomeric A4, peptide (biotin-LC-A;.42, from AnaSpec, Freemont, CA, USA) as
described by (Chromy et al., 2003). Lyophiliseph A peptide was re-constituted in
1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) then driedier a N gas stream to form a
peptide film, which was stored at -80°C. ThpyApeptide film was resuspended in
dimethyl sulphoxide (DMSO) then diluted 1/10 usitdgam’s F12 medium
(Invitrogen Life Sciences, Paisley, Scotland, UKyt 100 pM concentration offfA
and this was incubated for 16 hours at room tenmpeyato allow the A to
aggregate and form oligomers. The oligomer preparavas centrifuged for 20
minutes at 16,00Q to pellet any fibrillar material. As a vehicle ¢oosl DMSO was
diluted 1/10 in Ham’s F12 medium, incubated forhb&irs at room temperature and

centrifuged at 16,008 for 20 minutes.

2.7 Flow cytometry

2.7.1 Method A, for cell surface NMDA receptor levels

Cells were plated in a 6-well plate at 500,000sceér well and incubated for
48 hours at 3PC. The following procedure was carried out atG4 Cells were
washed twice with 500 pl PBS+M, then harvested dmaing into 500 pl PBSM
and pelleted by centrifugation at 8@p for 5 minutes. The cell pellets were
resuspended in 200 pl blocking buffer (5 % (v/ghfskin gelatine in PBS+M) and
blocked for 20 minutes. Primary antibody was diui¢100 into the cell suspension

(2 pl SAB2500699 was added to each sample), andbated for 1 hour. Cells were



-81-

pelleted by centrifugation at 8a@Pfor 5 minutes, then washed by resuspending in
500 pl PBS+M. Cells were re-pelleted, then resudpdnn 200 pl blocking buffer
and secondary antibody (AlexaFIfiot88 conjugated donkey anti-goat) was diluted
1/100 into samples and incubated for 1 hour. Gediee pelleted by centrifugation at
800 g for 5 minutes, then washed by re-suspending0D pl PBS+M. Cells were
then re-pelleted and re-suspended in 500 pl PBSVhM EDTA. One microlitre

of 2 mg mi* DAPI was added to each sample less then 1 mimige to analysis.
Fluorescence from >10,000 live cells per sample wesasured using a BD

LSRFortessa cell analyser from BD biosciences (&ae, CA, USA).
2.7.2 Method B, for endocytosis of APP

Cells were plated in a 12-well plate at 200,006:qeer well and incubated for
48 hours at 37C. The entire procedure was carried out aC4unless otherwise
stated. Cells were washed twice with PBS+M andbated for 30 minutes with 300
gl primary antibody (6E10) diluted 1/200 in PBS+@8klls were washed twice with
PBS+M, then incubated for 10 minutes with DMEM #her 4°C or 37°C. Cells
were then washed twice with PBS+M &iG} then harvested by scraping into 500 pl
PBS+M. Cells were pelleted by centrifugation at &8@r 5 minutes, then re-
suspended in 200 ul blocking buffer and blockedZ@rminutes. The addition of
secondary antibody (AlexaFIfor#88 conjugated donkey anti-mouse) and analysis

procedure was the same as for method A.

2.8 General assays

2.8.1 Amyloid-Beta Enzyme-linked Immunosorbent Assay (8 ELISA)

The A3 ELISA method was developed by (Haugabook et 8012, antibodies

were a kind gift from Drs Chris and Liz Eckman (Maglinic, Jacksonville, FL,
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USA, current address Atlantic Health System, Maois), NJ, USA). Maxisorb
ELISA plates were coated with capture antibody #yhaur incubation at 4 °C with
50 ug mi* anti-AB1.40 (33.1.1) or anti-1.42 (2.1.3.35.86) antibody diluted in PBS-
M (200 pl per well). Wells were then blocked fohdurs at room temperature with
300 pl Block ACE (Serotec, Toronto, Ontario, USA)®% (w/v) NaN in PBS-M.
Wells were washed two times with 300 pul PBS-M, teamples and standardstA
40 and AB1.42 from Bachem, Bubendorf, Switzerland) were dilute&C buffer (5.75
mM NaH,PQy, 15 mM NaHPQO,, 2 mM EDTA, 0.4 M NacCl, 0.2 % (w/v) BSA,
0.05 % (w/v) CHAPS, 0.4 % (w/v) Block ACE, 0.05 %/¢) NaNs, pH 7.0) in the
plate and incubated at 4 °C for 24 hours. Wellsemgashed two times with PBS,
then HRP conjugated detection antibody (arfii-4 13.1.1 1/1000, anti-y-42 4G8
(from Covance, New Jersey, USA) 1/2000) was diluite@.4 mM NaHPQ,, 17
mM NaHPO,, 2 mM EDTA 1 % (w/v) BSA pH 7.0 and incubated &0 hours at
4 °C. Wells were washed three times with PBS caingi0.05 % (v/v) Tween then
developed using a 1:1 ratio of TMB 2-component pelise substrate kit
(Kirkegaard and Perry, Gaithersburg, Maryland, US#g reaction was stopped

with 1 M HsPOy and absorbance read at 450 nm.

2.9 Human brain samples

2.9.1 Cohorts 1,2 and 3

Brain tissue was obtained from the Medical RedeaBouncil London
Neurodegenerative Diseases Brain Bank (Institutd®®fchiatry, King’s College
London), the study had approval from the Leeds {&8n Research Ethics
Committee. Brain tissue was homogenised by Dr Is@ff@tehouse as reported in

(Whitehouse et al., 2010). Briefly, samples werenbgenised in 9 volumes of
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PBS-M, 0.5 % (v/v) NP-40, 0.5 % (w/v) sodium dedxglate, pH 7.4 with Roche
complete protease inhibitor cocktail (Roche Diagiess West Sussex, UK), using
an electric homogeniser. Samples were centrifuge@l4g000g for 10 minutes,
pellets were discarded. The protein concentratfupernatants was determined by

BCA assay.
2.9.2 Cohort 4

Brain tissue was obtained from South West DemeBrtéan Bank, University
of Bristol, UK; the study had approval from NortlorSerset and South Bristol
Research Ethics Committee and Leeds (Central) Rasdzthics Committee. The
diagnosis of AD in AD cases, and the absence ofiontrol cases was made
according to the criteria of the Consortium to BEth a Registry for Alzheimer’s
Disease (CERAD) (Morris et al., 1989). Neuron-sfiecénolase (Miners et al.,
2009), soluble A and insoluble A (van Helmond et al., 2010a, b) had been
determined previously. For western blotting, samphlere homogenised by Dr
Isobel Whitehouse as detailed above in cohorts,land 3. For f and NSE
measurements brain samples were homogenised aagsgssrformed by Dr Scott

Miners from the University of Bristol.

2.10Data analysis

Data were analysed using GraphPad Prism softwaa¢éa were tested for
normal distribution using Kolmogorov-Smirnov noritaltest. If the data were
normal significance was determined using the Paires$t or Pearson correlation
accordingly. For non-normally distributed data rparametric statistical analysis

were used, either Mann-Whitney, or Spearman’s tairom coefficient.
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3 The effect of proteins from anin vivo APP interactome on APP

processing

3.1 Introduction

The proteolytic processing of APP has been showrbéomodulated by
interactions with several different cellular proii By regulating APP metabolism
these proteins regulate the production @ &Several large studies have identified
proteins which interact with APP (Bai et al., 206&hli et al., 2012). This means
there is a large number of proteins with the padéid regulate APP processing and

AP generation, yet the effects of most of these mmideen characterised fully.

Three proteins were identified from the mous&ivo APP interactome by Bai
et al., (2008) for further investigation into thewle in the regulation of APP
metabolism: neurofascin, Thy-1 and contactin 5 (GIN) These proteins were
selected due to their sub-cellular location — they all cell surface glycoproteins,
and contactin and Thy-1 are located in lipid r§€emshead et al., 1982; Shimoda
and Watanabe, 2009) — which means they have adhighce of interacting with
APP, and of regulating its processing. Furthermbing-1 and proteins from the
contactin family have been previously implicated AD. Thy-1 expression is
reduced and its sub-cellular location is alteredhim brain during AD (Leifer and
Kowall, 1992). Proteins from the contactin familgve been identified as potential
CSF biomarkers for AD (Yin et al., 2009). CNTN1,atd 4 regulate proteolysis of
APP (Hu et al., 2003; Hu et al., 2004; Ma et a00& Osterfield et al., 2008), and
CNTNS5 has been associated with AD neuroimaging oreasand identified as an

AD linked gene in GWAS (Biffi et al., 2010). Althgh CNTN1 was identified by
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Bai et al., (2008) in thén vivo APP interactome, studies in this chapter focus on
CNTNS. There are several reasons for this: CNTNS theen genetically linked to
AD by GWAS whereas CNTN1 has not. CNTNL1 is involvadnotch processing
(Hu et al., 2003; Hu et al., 2004). If CNTN1 wasifid to regulate APP processing
the potential to develop it into a drug targethe future may be limited as an AD
drug targeting CNTN1 is likely to have similar siddfects to they-secretase
inhibitors that have failed in clinical trials. CIN[b knockout mice are viable, and do
not display a deleterious phenotype (Li et al.,30tnlike CNTN1 knockout mice
which died prematurely (Berglund et al., 1999), gegjing an AD drug targeting

CNTNS5 is less likely to have undesirable side dffec
3.1.1 Aims

We hypothesied that neurofascin, Thy-1, and comé&stwould alter APP
metabolism. To investigate this, APP and each protas expressed in HEK cells,
and the effect of over expression on full lengthPABAPR, sAPPB and A3
determined by western blotting (for APP, sARBnd sAPB) and ELISA (for /3).
This showed CNTN5 expression dramatically alterefl Wetabolism, so the
mechanism of this was further investigated by examgi the effect of CNTN5
expression on APP C-terminal fragments. To detegntiaw our findings in cell
culture models may relate to the human brain CNT&kels in human brain
samples, during aging, and in sporadic and famiiialwere measured by western

blotting.
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3.2 Cloning and over-expression of neurofascin 186, ThY and

contactin 5

IMAGE human cDNA clones of neurofascin 186 (NF1B8AGE 40068186),
Thy-1 (IMAGE 6137513), and contactin 5 (IMAGE 40558) were obtained from
Source Bioscience. The cDNA of interest was angalifoy PCR from the vector in

which it was supplied using primers with a 5" Naibtlaa 3° EcoRI restriction site.
Forward primers were:

NF186: GATGCTCGTGAGCGGCCGCATGGCCAGGCAGCCACCGCC,
Thy-1: GATGCTCGTGAGCGGCCGCATGAACCTGGCCATCAGCATCGCT,

CNTNS:

GATGCTCGTGAGCGGCCGCATGGCTTCCTCTTGGAAACTAATGCT
Reverse primers were:

NF186: GCTAGGAATTCTTAGGCCAGAGAGTAGATAGCATTGAC,
Thy-1: CATAGGAATTCTCACAGGGACATGAAATCCGTGGCC,
CNTN5: CATAGGAATTCTCACCAGGAAGTTGAAGGAATCATCA.

The resulting product was the cDNA of interest Kledh by Notl and EcoRl
restriction sites. The PCR product was gel purjfteén PCR product and pIRESneo
vector were digested with Notl and EcoRIl, and tH@NA was ligated into
pIRESneo. The ligation reaction was used to transf¥L1-blue competeniE.coli
cells, which were then plated and incubated ovétnigransformed colonies were
picked and plasmids were purified. Correct insertad each gene into pIRESneo

was assessed by restriction digest reactions.
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NF186 insertion was confirmed by Ncol digestionp&sted fragments from
digestion of pIRESneo with Ncol are 3389 bp and 518, whereas expected
fragments from digestion of pIRESneo with an NFi8&ertion are 4733 bp, 3389
bp, and 858 bp. Digestion of plasmid purified fronlony N2 showed the expected
fragments (figure 3.1A) so insertion of NF186 irgtlRESneo was confirmed by
sequencing (see appendix). The new plasmid gewerats named plRESnheo-
NF186 (figure 3.1B). HEK-AP&s cells were transfected with pIRESnheo-NF186
(empty pIRESneo was transfected in to use as atimegzontrol) then cells were
selected with the antibiotic G418 to generate & loed stably expressing NF186
(figure 3.1C). In NF186 expressing cells the neasoin antibody detected not only
a band of 186 kDa (the expected molecular weiglthefNF186 isoform) but also
several bands of lower molecular weight, which wesepresent in vector only cell
lysates. When the neurofascin gene was originddiged in 1992 (Volkmer et al.,
1992) multiple forms were detected in plasma membrgpreparations for
neurofascin protein, some of which were identif@edproteolytic cleavage products
of longer isoforms of neurofascin. This may accdiantthe extra lower molecular

weight forms seen here.

Correct insertion of Thy-1 into pIRESneo was assgdsy restriction digest
reactions using Eco0109l. Expected fragments frogestion of pIRESneo with
Eco0109I are 4844 bp, 356 bp and 54 bp, whereagceegh fragments from
digestion of pIRESneo with a Thy-1 insertion arg2®p, 702 bp, 356 bp and 54
bp. Digestion of plasmid purified from colony Tlosted the expected fragments
(figure 3.2 A) so insertion of Thy-1 into pIRESne@s confirmed by sequencing
(see appendix). The new plasmid generated was npiRE&tBEneo-Thy-1 (figure 3.2
B). HEK-APRsgs cells were transfected with pIRESneo-Thy-1 (emptlRESneo

was transfected in to use as a negative contrel) ttells were selected with the
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antibiotic G418 to generate a cell line stably esging Thy-1. Expression of Thy-1
in cells was confirmed by dot blot of cell lysatd3ot blotting, as opposed to
western blotting, was performed because the Thgtib@edy MAB2067 recognises
an epitope that is lost when Thy-1 is denatured gesurs in western blotting)

(Figure 3.2 C).

Correct insertion of CNTN5 into pIRESneo was asseds/ restriction digest
reactions using Kpnl. Expected fragments from digasof pIRESneo with Kpnl
are 4411 bp, and 843 bp, whereas expected fragrfrentsdigestion of pIRESneo
with a CNTNS5 insertion are 4411 bp, 3320 bp, an@ BR. Digestion of plasmid
purified from colony C6 showed the expected fragiméfigure 3.3 A), so insertion
of CNTN5 into pIRESneo was confirmed by sequendseg appendix). The new
plasmid generated was named pIRESneo-CNTN5 (figulBeB). HEK-APRgs cells
were transfected with pIRESneo-CNTN5 (empty pIRESm@s transfected in to
use as a negative control) then transfected cedie gelected with the antibiotic
G418 to generate a cell line stably expressing CBITEkpression of CNTN5 in

cells was confirmed by western blot of cell lysgfeégure 3.3 C).
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Figure 3.1 Expression of NF186 in HEK-APBss (A) Ncol digests of:
lane 1, empty pIRESneo; lanes 2-4, plasmid purifiiech colonies transformed with
NF186 pIRESneo ligation reaction. Colony N2 corgdithe expected fragments for
insertion of NF186 into pIRESneo at the correatssif4733 bp, 3389 bp, and 858
bp). (B) Map of the plasmid pIRESneo-NF186. pCM\thie promoter from human
cytomegalovirus, Intron is a synthetic intron whiehhances the stability of the
mRNA, IRES is the ribosome entry site from encepimlocarditis virus, nébis
the neomycin phosphotransferase gene which conéamycin resistance, polyA is
the polyadenylation signal. Afips the ampicillin resistance gene. All elements bu
the gene of interest (NF186) come from the pIRESiasmid. (C) Western blot for
neurofascin (with ab31457) of HEK-ARR cell lysates (60 pg) transfected with

pPIRESneo-NF186 (+) or pIRESneo (-).
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Figure 3.2 Expression of Thy-1 in HEK-APRgs (A) Eco01095I digests of:

lanes 1-5, plasmid purified from colonies transfedhwith Thy-1 pIRESneo ligation
reaction; lane 6, empty pIRESneo. Colony T1 comiditne expected fragments for
insertion of Thy-1 into pIRESneo at the correceési{4672 bp, 702 bp, 356 bp and
54 bp). (B) Map of the plasmid pIRESneo-Thy-1.Fetails of plasmid components
see figure 3.1. (C) Dot blot for Thy-1 (with MAB26)on HEK-APRgs cell lysates

(40 pg) transfected with pIRESneo-Thy-1 (+) or pSREo (-).
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Figure 3.3 Expression of CNTN5 in HEK-APRgs (A) Kpnl digests of:
lane 1 empty pIRESneo; lanes 2-8, plasmid purifieth colonies transformed with
CNTN5 pIRESNeo ligation reaction. Colony C6 contairthe expected fragments
for insertion of CNTNS5 into pIRESneo at the correites (4411 bp, 3320 bp, and
929 bp). (B) Map of the plasmid pIRESneo-CNTN5. Fietails of plasmid
components see figure 3.1. (C) Western blot for 8Twith AF3030) on HEK-

APPsgs cell lysates (30 pg) transfected with pIRESneo-GINT+) or pIRESneo (-).
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3.3 Cell line selection and experimental conditions

HEK cells are a Human Embryonic Kidney cell linelthdugh they are a
kidney cell line they expresses many neuronal prst€Shaw et al., 2002) and so
were selected for use due to their comparative eéageansfection compared to
neuronal cell lines. Although HEK cells express@gehous APP, in order to detect
SAPRB in conditioned media by western blotting AlRvas over-expressed in the
cells (HEK-APRgs cells). To determine the effect of each gene oP ARocessing,
each protein was over-expressed in HEK-ARRells then APP, sARR sAPH,
and A3 were measured. Before these experiments were takdarthe appropriate
length of incubation for conditioning media (to rmeee SAPR and sAPB) was
determined. HEK-APgs cells were incubated for either 10, 12, 14, 24,086!8
hours with OptiMEM reduced sera media. Conditiongetlium was harvested and

cells were harvested and lysed.

The APP levels in cell lysates and sAP&nd sAPB levels in conditioned
media were measured by western blotting. APP waectil in cell lysates at all
time points, and APP expression did not change tiwer (figure 3.4 A). Western
blots for APP showed 4 bands, these corresponietalitferent isoforms of mature
and immature APP. The bands corresponding to tleigdorm are more intense
than the 751/770 isoforms as the cells are overessing APks. The resolution of
the gel is not sufficient to distinguish the 751dan70 isoforms so these appear
together as one band. sAPRas detected at all time points, and more SAPP
accumulated in the media the longer the incubafajure 3.4 B). Two bands
corresponding to sARPwere detected at later time points (36 and 48 $)olihe
lower molecular weight band is sARRjenerated from the 695 isoform of APP

(SAPRisgs), and the upper band is sAPBenerated from the 751/770 isoforms of
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APP (sAPR7s1/779. As with APP, there is less sA&B1/770than sAPBsgs because
the cells over-express the 695 isoform of APP. Agtie resolution of the gel is not
sufficient to distinguish the 751 and 770 isoforsosthese appear as a single band.
SAPR was only detected in conditioned media after 4@ incubation (figure 3.4
C). Under normal circumstances the majority of ABRprocessediia the non-
amyoidogenica-cleavage pathway, so there is much less $A®RRN full length
APP or sAPR. No band corresponding to sARE7zowas detected; this is because
it is not over-expressed so very little is producAtthough sAPB was detected
after a 36 hour incubation significantly more waedted at 48 hours. In order to
detect sufficient SARPto measure both increases and decreases infskeRé€ls a

48 hour incubation was used for subsequent expatgne
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Figure 3.4 Timecourse of APP, sAP& and sAPH levels over 48 hours in
HEK-APPggs (A) Western blot for APP (with 22C11) on cell lyss (40 pg). (B)
western blot for sAP&(with 6E10) on conditioned media (30 pg). (C) Véestblot
for sSAPH (with 1A9) on conditioned media (30 pg). The veatiline in blot A
indicates two separate gels. Although the time tgaghown in this experiment have

been run on separate gels, in repeat experimesaialples were run on a single gel.
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3.4 The effect of neurofascin 186 on APP processing

HEK-APPsgs5 cells expressing NF186 or empty vector were intaddor 48
hours, then medium was harvested and cells weres$iad and lysed. Cell lysates
were western blotted for NF186 and APP, and comu#il media was western
blotted for SAPR and sAPB (figure 3.5 A). A levels in conditioned media were
determined by ELISA (figure 3.5 E). NF186 over-egmion did not alter ARR
levels in cell lysates, but it did cause a sigaifit 15 % reduction in ARB770
(p=0.03) (figure 3.5 B). NF186 over-expression dmt significantly alter sAP®

(figure 3.5 C), sAPP (figure 3.5 D) or A (figure 3.5 E).
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Figure 3.5 The effect of NF186 over-expression onP#® proteolysis.(A)
Representative western blots on HEK-ARRell lysates (40 pg) expressing NF186
(+) or empty vector (-) for neurofascin, with ab8¥4(top panel), APP with 22C11
(second panel) and conditioned media (30 pg) fdPBAwith 6E10 (third panel)
and sAPB with 1A9 (fourth panel). (B) Quantification of wesn blots for APP.
(C) Quantification of western blots for sARD) Quantification of western blots
for SAPP. (E) ELISA to determine Ain conditioned media. Data are mean = S.D.

n=6 (*p<0.05).
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3.5 The effect of Thy-1 on APP processing

HEK-APPsgs5 cells expressing Thy-1 or empty vector were intedbdor 48
hours, then media was harvested and cells weree$iad and lysed. Cell lysates
were dot blotted for Thy-1 (figure 3.6 A) and weastélotted for APP. Conditioned
media was western blotted for sAPRnd sAPB (figure 3.6 B). A levels in
conditioned media were determined by ELISA (fig8ré F). Thy-1 over-expression
caused a significant 18 % reduction in ARP(p=0.02), and a reduction in
APPs1/770 although this was not significant (figure 3.6 Thy-1 over-expression
also caused a significant 22 % decrease in $APR0.004) (figure 3.6 E). Thy-1

over-expression did not significantly alter sAPfgure 3.6 D) or A (figure 3.5 E).
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Figure 3.6 The effect of Thy-1 over-expression onP proteolysis.(A) Dot
blot on HEK-APRgs cell lysates (40 pg) expressing Thy-1 (+) or emysgtor (-)
for Thy-1 using MAB2076. (B) Representative westdslots on cell lysates
expressing Thy-1 (+) or empty vector (-) (60 pg) APP with 22C11 (top panel)
and conditioned media (30 pg) for sAPRith 6E10 (second panel) and sAPRith
1A9 (third panel). (C) Quantification of westerrmots for APP. (D) Quantification of
western blots for SARP (E) Quantification of western blots for SARRF) ELISA
to determine A in conditioned media. Data are mean + S.D. n=4<@*P5),

(*p<0.01).
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3.6 The effect of contactin 5 on APP processing

HEK-APPsgs5 cells expressing CNTN5 or empty vector were intedbdor 48
hours, then medium was harvested and cells weres$iad and lysed. Cell lysates
were western blotted for CNTN5 and APP, and coodé&d media was western
blotted for SAPR and sAPB (figure 3.7 A). A levels in conditioned media were
determined by ELISA (figure 3.7 E). CNTN5 over-eapsion caused a significant
40 % increase in ARR (p=0.02), and a significant 22 % increase in ARPo
(p=0.02) (figure 3.7 B). CNTN5 over-expression atsused a significant 11 %
increase in sSAPRgs (p=0.001), but there was no change in sé®Rf7o(figure 3.7
C). CNTN5 over-expression did not have a signifioaffiect on sAPP (figure 3.7
D). CNTN5 over-expression caused a 95 % decreagdjn (p=0.003). B4, was
decreased to below the limit of detection of theags(figure 3.7 E). To confirm
these data in a neuronal cell line CNTN5 was teanfi expressed in N2a-ARR (a
mouse neuroblastoma cell line), cells were incubdte 48 hours then [ in
conditioned media was determined by ELISA. CNTN®resgsion in N2a cells
caused a significant 79 % decrease ipyoA(p=0.0019) and a significant 82 %

decrease in By, (p=0.0003).

NF186, Thy-1 and CNTN5 all regulated the metabolisimAPP, but only
CNTNS5 caused a change irBAn conditioned media. Therefore the mechanism by

which CNTNS5 decreasedpAwas investigated further.
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Figure 3.7 The effect of CNTN5 over-expression on P proteolysis.(A)
Representative western blots on HEK-AgPcell lysates (40 pg) expressing
CNTN5 (+) or empty vector (-) for CNTN5 with AF303@op panel), APP with
22C11 (second panel) and conditioned media (35fprgdAPRy with 6E10 (third
panel) and sARPwith 1A9 (fourth panel). (B) Quantification of wesn blots for
APP. (C) Quantification of western blots for sAPRD) Quantification of western
blots for SAPB. (E) ELISA to determine A in conditioned media. (F) ELISA to
determine A in conditioned media from N2a-ARd cells transiently transfected
with CNTN5 cDNA or empty vector. Data are mean D.Sn=6 (*p<0.05),

(**p<0 .01), (***p<0-001) .
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3.7 The effect of contactin 5 ory-secretase

To determine whether CNTN5 was decreasitfigiithe media by decreasing
AP secretion (so causing a build up op Aside the cells) intracellular fAwas
measured in the presence and absence of CNTN5 ssikpne HEK-APRys cells
expressing CNTN5 or empty vector were incubatedi®hours, and then cells were
harvested and lysed.pAin cell lysates was measured by ELISA. CNTN5 over-
expression did not alter intracellulap Afigure 3.8 A), suggesting CNTN5 does not

inhibit Ap secretion.

CNTNS5 over-expression decrease Aut not sAPB, suggesting CNTN5
inhibits y-secretase cleavage of APP. To investigate this HAPRsgs cells
expressing either CNTN5S or empty vector were intedbdor 48 hours, then cells
were harvested and lysed, and C-terminal fragmeingsPP (C83, C99 and AICD)
measured by western blotting (figure 3.8 B). CNTbler-expression caused an
increase in both C83 and C99, confirming the hypsith that CNTN5 inhibitg-
secretase cleavage of APP. Due to the instabifitAl€D it was not robustly

detected.

To further investigate the action of CNTN5 puleavage of APP we sought to
knock down expression of endogenous CNTN5, andrméte the effect on A
levels in conditioned media. Cell lysates from anber of cell lines were western
blotted for CNTN5 to identify a cell line in whicNTN5 was endogenously
expressed. Cell lines examined were Swl3 (a hurdeenal cell line), HepG2 (a
human hepatocellular carcinoma cell line), CHO (@en€se hamster ovary cell line),
HUVEC (human umbilical vein endothelial cells,), pH(human foreskin fibroblast
cells), A549 (a human alveolar basal epitheliall logt), A431 (a human epidermoid

carcinoma cell line), MCF (a human breast adenaganca cell line), HeLa (a
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human cervical adenocarcinoma cell line), N2a (asaoneuroblastoma cell line),
NB7 (a human neuroblastoma cell line), SH-SY5Y (emhn neuroblastoma cell
line), HEK (a human embryonic kidney cell line), 28(a human lung squamous
cell carcinoma cell line), T84 (a human colonic cvaoma cell line), HUH7 (a
human hepatocarcinoma cell line), H1395 (a humag kdenocarcinoma cell line),
and LS1034 (a human caecal carcinoma cell line)a fssitive control for CNTN5
expression a lysate from SH-SY5Y cells over-expngs€NTN5 was loaded onto
gels. None of the tested cell lines had detecti@viels of CNTN5 (figure 3.9). It is
worth noting that the anti-CNTN5 antibody is diedtagainst human CNTNS5,

whereas N2a and CHO cells are not of human origin.
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Figure 3.8 The effect of CNTN5 ony-secretase cleavage of APP.

(A) ELISA on cell lysates to determine intracedlu/AB. (B) Representative western
blot on cell lysates (50 pg) for C-terminal fragrtseaf APP with A8717. f ELISA

data are mean + S.D. n=6.
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Figure 3.9 Endogenous CNTNS5 in cell lineg/estern blots on cell lysates
(30 pg) for endogenous CNTN5 using AF3030. Posttvetrol (+) is SH-SY5Y

cells over-expressing CNTNS.
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3.8 Contactin 5 in the human brain

The level of CNTNS5 in the human brain during agamgl Alzheimer’s disease,
and the correlation of CNTN5 with fAin the human brain, was investigated by
western blotting human brain samples for CNTNS. rRditferent cohorts of brain
samples were investigated. Aging cohort 1 (tablg @re human hippocampal and
temporal lobe samples from individuals who had dietiveen the ages of 20 and

88.

Sporadic AD cohort 2 (table 3.2) are hippocampal &mporal lobe samples
from patients with sporadic AD, and from age mattlentrols. There was no
significant difference in the mean age (79 yeaes)vben sporadic AD and age
matched control hippocampal samples (p=0.97). Eampbral lobe samples the
mean age was 79 for sporadic AD and 78 for agetmedtcontrol, the age was not
significantly different (p=0.90). The post mortemlaly was not significantly longer
for age-matched control samples than for sporadic samples (mean 36 hours

versusl9 hours, p=0.09 for hippocampus, p=0.10 for teraidobe).

Familial AD cohort 3 (table 3.3) are hippocampainptes from familial AD
patients and from age-matched control patients. miean age for familial AD
samples was 68, and the mean age for age matcimlceamples was 63. Ages
were not significantly different (p=0.86). The pesbrtem delay was significantly

longer for age-matched control samples (mean 4ishvaususl3 hours, p=0.01).

Sporadic AD cohort 4 (table 3.4) are temporal lsamples from sporadic AD
patients and from age-matched controls. The meariagporadic AD samples was
83, the mean age for age matched control samples Aa the ages were not
significantly different (p=0.20). There was no sfgrant difference in post mortem

delay between control and sporadic AD samples o4 (51 hoursrersus39
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hours, p=0.10). Soluble and insolubl@,fAas well as neuron-specific enolase (NSE)
measurements have been carried out on these saonglesusly by Dr Scott Miners
(Miners et al., 2009; van Helmond et al., 2010a, THere was no significant
difference in mean NSE or mean solublg Fetween sporadic AD and age-matched
control samples (figure 3.9 A and B respectivelygpwever, there was a significant
increase in mean insolublegAn sporadic AD samples compared to the age matched
control samples (a mean value of 139 ni iA sporadic AD compared to 20 nM

AP in age-matched control samples, p<0.0001).
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Table 3.1 Details of brains from aging cohort 1ZHuman hippocampal and
temporal lobe samples from individuals who had dietiveen ages 20 and 88. PM
= post mortem.

Gender  Age (y) Cause of death PM delay (h)

Aging - Hippocampus

F 26 Carcinoma of the lung 44
M 25 Ruptured aortic arch aneurysm 18
F 20 Sudden accident 38
F 33 Pulmonary embolus 96
M 37 Acute necrotic pancreatitis 27
M 49 Pulmonary oedema 44
M 49 Coronary artery occlusion 32
M 58 Myocardial infarction 23
M 55 Syringomyelia 24
M 57 Left ventricular failure 45
F 62 Haemothorax 81
M 65 Coronary artery occlusion 29
F 76 Congestive heart failure 28
Septicaemia secondary to faecal
M 79 peritonitis 24
Left ventricular
F 80 failure/bronchopneumonia 31
F 88 Carcinomatosis 43

Aging - Temporal lobe

F 26 Carcinoma of the lung 44
M 25 Ruptured aortic arch aneurysm 18
F 20 Sudden accident 38
M 49 Pulmonary oedema 44
M 49 Coronary artery occlusion 32
F 44 Hepatic necrosis 10
M 58 Myocardial infarction 23
M 55 Syringomyelia 24
M 57 Left ventricular failure 45
F 62 Haemothorax 81
F 65 Perforated peptic ulcer 30
M 67 Myocardial infarction 41
M 76 Bilateral bronchopneumonia 41
F 79 Chronic obstructive airway disease 38
M 82 Bronchopneumonia 48
M 85 Left ventricular failure 48
F 88 Carcinomatosis 43
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Table 3.2 Details of brains from Sporadic AD cohort2: Sporadic AD and
age matched control human hippocampal and tempaibal samples. PM = post
mortem.

Gender Age (y) Cause of death PM delay (h)

Sporadic AD - Hippocampus

F 82 Dementia 12
F 88 Subdural haematoma 19
F 69 Unknown 16
F 82 Myocardial infarction 5

M 65 Unknown 23
M 87 Unknown 18
M 80 Unknown 41

Control - Hippocampus

M 79 Septicaemia secondary to faecal peritonitis 24
F 79 Chronic obstructive airway disease 38
M 85 Left ventricular failure 48
F 87 Carcinoma of the breast 22
M 80 Carcinoma of prostate 11
F 62 Haemothorax 81
F 80 Left ventricular failure/bronchopneumonia 31

Sporadic AD - Temporal lobe

F 82 Dementia 12
F 88 Subdural haematoma 19
F 69 Unknown 16
F 82 Myocardial infarction 5

M 65 Unknown 23
M 87 Unknown 18
M 80 Unknown 41

Control - Temporal lobe

M 79 Septicaemia secondary to faecal peritonitis 24
F 79 Chronic obstructive airway disease 38
M 85 Left ventricular failure 48
F 87 Carcinoma of the breast 22
M 80 Carcinoma of prostate 11
F 62 Haemothorax 81
F 77 Pulmonary embolus 29
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Table 3.3 Details of brains from Familial AD cohort3: Familial AD and
age matched control hippocampal and temporal labgptes. PM = post mortem.

PM
Gender Age (y) Cause of death delay (h) Mutation
Familial AD - Hippocampus
APP717 (VAL-
M 61 Bronchopneumonia 15 GLY)
APP717 (VAL-
F 69 Bronchopneumonia 10 ILE)
APP717 (VAL-
F 62 Bronchopneumonia 23 ILE)
M 42 Bronchopneumonia 6 PS1 DELTA4
APP717 (VAL-
F 72 Unknown 4 ILE)
F 65 Pneumonia 22 PS1 (E280G)
Control - Hippocampus
F 62 Haemothorax 81 -
M 57 Left ventricular failure 45 -
F 79 Chronic obstructive airway disease 38 -
M 37 Acute necrotic pancreatitis 27 -
Septicaemia secondary to faecal
M 79 peritonitis 24 -
M 65 Coronary artery occlusion 29 -
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Table 3.4 Details of brains from Sporadic AD cohoré4: Sporadic AD and
age matched control temporal lobe samples. PM tmogem.

Gender Age (y) PM delay (h)

Sporadic AD
M 69 48
F 70 25
M 74 50
F 74 53
F 77 43
F 78 77
F 78 9
F 78 35
M 79 28
M 80 31
F 81 42
F 81 66
F 83 43
M 85 58
M 85 66
F 87 72
F 87 67
F 88 79
F 89 71
F 89 82
F 90 21
F 91 37
F 91 70
F 96 53

Control
F 43 12
F 48 79
M 53 7
M 62 4
M 64 23
F 72 24
M 73 36
M 77 10
M 78 12
M 79 24
M 80 106
F 80 92
F 81 103
M 82 30
M 82 3
F 82 37
M 82 56
M 84 48
F 84 17
F 88 62
F 88 28
M 90 45
M 90 48
F 93 18




-112 -

» 159
A =
c
S
8
< 104 o .
w o 090 .
(n S
Zé Oggo :.
o
© 0.5 2 =
() l::
E 0 %0 .
g 080
° : :
<= 0.0 T T
Sporadic AD Control
2019
B
o
—
= 154
[=
=
<
P 104
Q .
=)
o 54 %o
(%)) %00 R
—_—0e i
%00 o. '.o
000 o °e®
C Og o o Py o a8
Sporadic AD Control
L ]
3004 ' '
o
cC %o
= do
= °
200- °
g o
o o
— L]
Q2 OOO
> Q
S 100- °
o]
2 00 .
- °o§° ‘o:.
C I LYY ' 'Y
Sporadic AD Control

Figure 3.10 A3 and neuron-specific enolase in Sporadic AD cohor4.
(A) Neuron-specific enolase (NSE) levels in spazaflD and age-matched control
human temporal lobe homogenates determined by EL{BASoluble A extracted
from sporadic AD and age-matched control human teaiplobe samples
determined by ELISA. (C) Insoluble fAextracted from sporadic AD and age-
matched control human temporal lobe samples deteaniby ELISA. n=24,
(****p<0.0001). Data were obtained by Dr Scott Misefrom the University of

Bristol.
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Quantification of western blots for CNTN5 on agioghort 1 hippocampal
(figure 3.10 A) and temporal lobe (figure 3.10 Bniogenates showed CNTN5 did
not correlate with age in the hippocampus (figur#03C) or the temporal lobe
(figure 3.9 D). Quantification of western blots f6NTN5 on Sporadic AD cohort 2
hippocampal (figure 3.11 A) and temporal lobe (feg3.11 B) homogenates, and on
familial AD cohort 3 hippocampal homogenates (feguB.11 C) showed no
difference in CNTN5 in sporadic AD brains (figurel® D) or familial AD brains
(figure 3.11 E) compared to age-matched contrainbraQuantification of western
blots for CNTN5 on sporadic AD cohort 4 temporaddohomogenates (figure 3.12
A) showed no difference in CNTN5 in sporadic AD ibhgacompared to age-
matched control (figure 3.12 B). There was no datien of CNTN5 with either

soluble (figure 3.12 C) or insolubleBAfigure 3.12 D).
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Figure 3.11 CNTNS5 in the aging brain, aging cohori
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Figure 3.11 CNTNS5 in the aging brain, aging cohort. (A) Western blot for
CNTN5 on human hippocampal homogenates (50 pg) figmg cohort 1 using
AF3030. (B) Western blot for CNTN5 on human tempdode homogenates (50
pg) from aging cohort 1 using AF3030. (C) Quandifion of western blots on
hippocampal homogenates for CNTN5. Samples 20n252& were loaded on both
gels so that CNTNS5 levels could be normalised atingrto these samples allowing
comparison between gels. The y-axis % CNTN5 rei@@€NTN5 as a percentage
the average of CNTN5 in samples 20, 25 and 26.sBeatorrelation showed no
significant correlation between CNTN5 and age imhn hippocampal samples. (D)
Quantification of western blots on temporal lobenlegenates for CNTN5. Pearson
correlation showed no significant correlation beaweCNTN5 and age in human

temporal lobe samples.
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Figure 3.12 CNTN5 in the human brain in sporadic ADcohort 2 and
familial AD cohort 3. (A) Western blot for CNTN5 on sporadic AD cohorS2D
and age-matched control human hippocampal homogeia0 pg) using AF3030.
(B) Western blot for CNTN5 on sporadic AD cohortSAD and age-matched
control human temporal lobe homogenates (50 pgguaF3030. (C) Western blot
for CNTN5 on familial AD cohort 3 FAD and age-magchcontrol hippocampal
homogenates (50 ug) using AF3030. (D) Quantificatbwestern blots for CNTN5
on sporadic AD cohort 2 SAD and age matched corituohan hippocampal and
temporal lobe homogenates (n=7). (E) Quantificabbnvestern blots for CNTN5

on familial AD cohort 3 FAD and age-matched contiaiman hippocampal

homogenates (n=6).
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Figure 3.13 CNTN5 and A levels in sporadic AD cohort 4 and age-

matched control temporal lobe.(A) Western blot for CNTN5 on sporadic AD

cohort 4 SAD and age-matched control human tempob& homogenates (40 ug,

cohort 4) using AF3030. (B) Quantification of westélots for CNTN5 on sporadic

AD cohort 4 SAD and age-matched control human teaiplobe homogenates

(n=24). (C) Spearman’s correlation analysis shom@dorrelation between CNTN5

and soluble A in human temporal lobe samples. (D) Spearman’selaion

analysis showed no correlation between CNTNS5 arsbluble A3 in human

temporal lobe samples.
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3.9 Discussion

Expression of neurofascin 186 did not significaralier - or a-cleavage of
APP. There was only a small (approximately 15 %duotion in APRsy770levels in
NF186 expressing cells, with no change in the 89%rm of APP. As neurofascin
modulates APR1/770 but not APRys this suggests if it does interact with APP, it
binds to the KPI domain which is absent in the 8@Borm. Neurofascin has been
shown to be required for clustering ion channelsl amolecules that regulate
formation of action potentials, as well as synaptiability and levels of gamma-
aminobutyric acid (GABA) recptor levels at the sysa (Kriebel et al., 2011; Zonta
et al.,, 2011). Modulation of GABA receptors has rbeshown to alter APP
metabolism increasing sARRroduction (Marcade et al., 2008), though no clkeang

in SAPR: were demonstrated here.

Thy-1 appears to be a promising candidate for wamlent in AD, as although
expression of Thy-1 did not alter sA®RBecretion, it caused a significant 22 %
decrease in sARPIn the media, and a decrease in ARFn cell lysates. The
decrease in sSARPis likely due to the decreased APP levels, siheedecrease in
SAPRS is approximately equivalent to the decrease in AfR&wever, the decreased
SAPR did not extend to a decrease ifs Aroduction. This is surprising, g5
secretase cleavage of APP is the rate limiting si¢pe generation of f\(Zhang et
al., 2011), therefore it would be expected thaearelase in sAHPwould cause a
decrease in B These data suggests that there are further misom&nn place

regulating the generation offA

Both neurofascin and Thy-1 caused a reductionliidngth APP. There have
been contradicting reports, but it appears that AFRNA levels are increased in the

brains of patients with AD (Palmert et al., 198&h®echel et al., 1988; Vitek,
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1989; Matsui et al., 2007), suggesting that dyratoh of neurofascin and Thy-1
expression (Thy-1 protein levels have been dematesirto be reduced in AD brains
(Leifer and Kowall, 1992)) could contribute to th#erations in APP seen in AD.
Neither neurofascin or Thy-1 over-expression cawsetlange in the levels off4y

or AB4o, SO investigations into these proteins were natinoed.

CNTNS5 caused multiple changes to APP metabolismnarease in APP, an
increase in sSAPPand a decrease infASince CNTN5 over-expression caused a
dramatic decrease in bot3A and AB4, secretion this protein became the focus of
further investigations. CNTN5 expression did neemintracellular A compared to
cells expressing the vector alone, therefore ispretventing secretion of fAso
causing it to accumulate within the cell, suggesttnis inhibiting the production of
extracellular A. It could also be possible that CNTN5 reduc@sh# increasing £
degradation for example by activating NEP or IDEbtirer A3 degrading proteases.

This possibility requires further investigation.

Cleavage of APP by botB- and y-secretase is required forBAgeneration
(Evin and Weidemann, 2002). The consistent decri@adg, even in the absence of
a decrease in sABRevels, suggests that CNTN5 may be modulatifigevelsvia
y- rather thanB-secretase. In order to confirm that the actionCOITNS5 on A3
secretion was via-secretase the levels of C-terminal fragments of Akere
determined. Western blotting showed that CNTN5 esgion caused an increase in
the levels of C83 (CTd) and C99 (CTB). These proteins are substrates for
secretase so a build up of both C-terminal fragmeniggests that CNTN5 had
inhibited y-secretase. AICD was not consistently detected bgtevn blotting of
HEK-APPsgs cell lysates, so the effect of CNTN5 over-exprasson AICD

generation could not be accurately determined. heamore as AICD is not
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transcriptionally active in non-neuronal cell lineBelyaev et al., 2010)

measurement of AICD in HEK cells would not indicatkether AICD is functional.

In order to further elucidate the role of CNTN5 APP processing we
considered knocking down endogenous CNTN5 in a loedl and measuring the
levels of full length and secreted APP, arftl Nowever, we were unable to identify
a cell line expressing endogenous CNTNS5 either kgtarn blotting for CNTN5S
protein or using RT-PCR to amplify CNTN5 mRNA (datat shown). Work by
Eckerichet al, (2006) demonstrated that although high level€NTN expression
were found in primary glial cells, no CNTN was dgé#l in cell lines derived from
these cells (Eckerich et al., 2006). This suggési$ CNTN5 expression is not

required forin vitro growth and that its expression is quickly lost.

Our data suggested that CNTN5 regulates the prmouaif AB, so to
determine whether CNTN5 might be related to AD weasured the levels of
CNTNS in sporadic AD, familial AD and age matchexhtol brains and in a series
of aging brain samples. This showed that in th@dgampus and the temporal lobe
there was no difference in CNTN5 levels in eithporadic or familial AD. Also
there was no change in the levels of CNTN5 in eitine hippocampus or the
temporal lobe during aging. If CNTN5 has a roletle development of AD it
appears not to be related to CNTN5 expression $ev@NTN5 may, however,

contribute to the development of AD without anyegdtion in its expression level.

The subcellular location of CNTN5 may be alteredAld which may prevent
its inhibition of y-secretase. The subcellular location of CNTN1 igultated by
CNTNAP1 (contactin associated protein 1). CNTN1dsi€NTNAP1 (Peles et al.,
1997), and when bound to CNTNAP1 glycosylation dff®I1 is prevented and it is

targeted to the cell surface at paranodes of tha.astowever, when CNTNL1 is not
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bound to CNTNAPL1 it is glycosylated and targetechddes of Ranvier rather than
paranodes (Rios et al., 2000; Gollan et al., 2088)ch less is known about the
interaction between CNTN5 and CNTNAP1 or CNTNAPBn{&actin associated
protein 5), but it is reasonable to assume that@NTN1, the subcellular trafficking
of CNTNS5 is regulated by CNTNAP1 or CNTNAPS. Altegi the subcellular/cell
surface location of CNTN5 may alter the proteinshwihich it can interact. Over-
expression of CNTN5 in our cell culture system rhaye saturated the binding to
CNTNAP leaving CNTN5 free to interact withsecretase components and inhibit
AP generation. CNTN5 has been shown to interact Wi#LP1 at the synaptic
membrane (Shimoda and Watanabe, 2009; Shimoda.,eRGl2). APLP1 can
influence the proteolytic processing of APP, therefregulating the CNTN5-
APLP1 interaction may indirectly regulate the pigiag of APP. In one model for
the endocytosis of APP the adaptor protein Fe6&slidPP with LRP1 via
interactions with the GYENPTY motif ands in the cytoplasmic domain of APP,
and this complex formation is required for endosig®mf APP (and therefore f@r
secretase cleavage of APP and ultimatefygeneration). APLP1 can also form a
complex with Fe65, competitively preventing APPnfranteracting with LRP1 so
inhibiting APP endocytosis (Neumann et al., 20@6@refore preventinf-secretase
cleavage and B generation. The interaction of CNTN5 with APLP1 ymect to
prevent the APLP1-Fe65-LRP1 interaction so allowimgpre APP-Fe65-LRP1
complex to form therefore allowing more endocytagi®\PP. However, this would
be expected to increase the generation [pfwhereas over-expression of CNTN5
inhibited A3 production suggesting this model cannot explagetiects of CNTN5
in our system. Further investigation, particulaifyo the sub-cellular location of
CNTNS in primary neurons is required to fully unstand the role of CNTNS5 in

APP processing.
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4 The effect of BIN1 on amyloidf metabolism

4.1 Introduction

Over the last few years several genome-wide adsatiatudies (GWAS) on
sporadic Alzheimer’s disease (SAD) have been pexdor, and these have identified
a number of genes that are related to SAD (Harbld.£2009; Bertram and Tanzi,
2010; Seshadri et al., 2010; Carrasquillo et @112 Hollingworth et al., 2011; Hu
et al., 2011; Wijsman et al., 2011). These genes lraplicated several molecular
and cellular processes in the development of Abhss immune system functions,
lipid metabolism and processes at the cell membraneh as endocytosis
(Hollingworth et al., 2011). Endocytosis is verypantant in A8 metabolism, as it is
involved in the production and uptake (thereforgeptally the toxicity) and
clearance of A by brain cells. One of the genes involved in etimgis that has
been implicated in sporadic AD by GWAS is BIN1. Eléhe role of BIN1 in the
development of AD was investigated, focusing on tivee BIN1 regulates the

uptake or generation offA
4.1.1 Aims

Due to its role in endocytosis it was hypothesitieat BIN1 is involved in
either the uptake or generation o Ay cells and altering the levels of BIN1 would
alter the amount of A generated (by altering APP endocytosis) or infesed by a
cell. This was investigated by knockdown and ovwegrression of BIN1 in SH-
SY5Y cells, a human neuroblastoma cell line. Teestigate the role of BIN1 in A
uptake, a synthetic preparation op®@s, ADDLs (amyloidg derived diffusible

ligands), was used. ADDLs are high molecular weiglgomer with a fibrillar
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conformation, they correlate with cognitive declineAD, and have been shown to
bind to and be toxic to cells (Lambert et al., 199&ng et al., 2002; Deshpande et
al., 2006). Cells were treated withp@s, then B uptake was assessed by
fluorescence microscopy. To investigate BIN1 in ARketabolism and A
generation, BIN1 was either over-expressed or kedattown in SH-SY5Y cells,
and then full length APP, sAlRP sAPH, and A were measured by western
blotting (APP, sAPE and sAPB) and ELISA (). Endocytosis is the key factor
influencing whether APP is processed in the amylgahic or the non-
amyloidogenic pathway (Weidemann et al., 1989). €Effect of BIN1 on APP
endocytosis was determined using flow cytometrymeasure cell surface APP
following an incubation at either %C (to prevent endocytosis) or 8 (allowing
endocytosis). Finally, BIN1 was shown to regulatePAprotein levels. APP has
been shown to influence the levels of cell surfilemethyl-D-aspartate (NMDA)
receptors, so we hypothesised that BIN1 expresgionld regulate cell surface
NMDA receptor levels. NMDA receptors are involvediong term potentiation and
are required for learning and memory (Morris et 4B86), over-stimulation of
NMDA receptors causes neuronal death by excitotiyx{danev et al., 1989), and
NMDA receptor trafficking and cell surface levelsshbeen shown to be disrupted in
AD (Snyder et al., 2005). The effect of BIN1 onlclrface NMDA receptor levels
was determined using flow cytometry. Finally, tovestigate BIN1 in the human
brain during aging, and in familial and sporadic ,ABe level of BIN1 in human

brain samples was determined by western blotting.
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4.2 Optimisation of BIN1 knockdown in SH-SY5Y cells

To investigate the role of BIN1 in the developmehsporadic AD, BIN1 was
knocked down in the human neuroblastoma cell likeSY5Y. SH-SY5Y cells
were transfected with siRNA directed against BINigubated for 48 hours, then
cells were harvested and lysed. Cell lysates wesstarn blotted for BIN1 (figure
4.1 A, C and E). The optimal conditions for BIN1odakdown were 50 nM siRNA
(figure 4.1 B) and 6 pl Dharmafect 3 (per well oBavell plate) (figure 4.1 D).
BIN1 knockdown was greater than 75 % after botfBaadd a 72 hour incubation
(figure 4.1 F) so both of these incubation timesrevesed, depending on the

experimental set-up.
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Figure 4.1 Optimising knockdown of BIN1 in SH-SY5Ycells. (A) Western
blot for BIN1 on cell lysates (40 ug) transfectehwincreasing concentrations of
BIN1 siRNA (8 ul Dharmafect 3, 72 hours post-traesion), using ab54764. (B)
Quantification of western blot in A. (C) Westerrobfor BIN1 on cell lysates (40
pg) transfected with increasing volumes of Dharmia8 (50 nM BIN1 siRNA or
RNAse free water (control), 72 hours post-transéedt using ab54764. (D)
Quantification of western blot for BIN1 in C. (E) &stern blot for BIN on cell
lysates (40 pg) either 48 or 72 hours post-tratisied50 nM BIN1 siRNA or
RNAse free water (control), 6 pul Dharmafect 3)ngsab54764. (F) Quantification

of western blot in E.
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4.3 The effect of BIN1 on A uptake

ABOs (the toxic species in AD) are taken up into oesrby endocytosis, and
this may be an important event for their toxiciidas et al., 2011; Song et al.,
2011). To investigate the role of BIN1 i@ endocytosis, a synthetic preparation
of soluble A30s was used. An SDS-polyacrylamine gel and wedtéhfor AB
confirmed the presence of high molecular weighgatiers in the BO preparation
(figure 4.2 A). The fibrillar epitope of thep®s was confirmed by dot blot with the
fibrillar conformation specific OC antibody (figuke2 B). Absence of a pre-fibrillar
epitope was confirmed by dot blot with the confotiora specific pre-fibrillar A11
antibody (figure 4.2 B). SH-SY5Y cells were trarcdésl with 50 nM BIN1 or non-
targeting control siRNA and incubated for 48 ho@slls were then incubated for
30 minutes at 37C with 400 nM (total peptide) BOs then fixed, permeabilised and
stained for A and BIN1. A3 was detected inside cells transfected with BINd an
with non-targeting control SiRNA. There was vetyldi co-localisation of BIN1 with
AP (figure 4.2 C). There was no significant differenn the proportion of A inside
cells transfected with BIN1 compared to cells tfaoted with non-targeting control

siRNA (figure 4.2 D).
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Figure 4.2 The effect of BIN1 knockdown on @ uptake by SH-SY5Y cells
(legend overleaf)
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Figure 4.2 The effect of BIN1 knockdown on f uptake by SH-SY5Y cells.
(A) Western blot of A& oligomers (80s, 4 ug) and A monomers (8M, 4ug),
blotted for A3 using 6E10. (B) Dot blots of fOs (1 pg) for total A using 6E10
(first panel), for fibrillar A3 using OC (middle panel) and non fibrillaAising A11
(last panel). (C) SH-SY5Y incubated with 400 nMt&topeptide) biotin-tagged
ABOs fixed, permeabilised and stained fofO%s using Texas-red conjugated
streptavidin (red), and BIN1 using ab54764 (greem)clei were stained with
2 ug mi* DAPI (blue). (D) Quantification of A staining inside cells in fluorescence
images expressed as a percentage of tgtadtéining (total & = AB inside +A3 on
the edge of cells). fstaining was measured using Image softwafein&ide cells
was mearured by drawing round the cell and detengithe fluorescence intensity
inside that area. [\on the edge of cells was measured by drawingeadiound the
cell and measuring the fluorescence intensity enlitie. 19 cells from two separate

experiments were measured for quantification. Batamean + S.D.
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4.4 The effect of BIN1 on APP processing

To determine the effect of BIN1 on APP processBigN1 was knocked down
in SH-SY5Y cells over-expressing ARP (SH-SY5Y-APRgs). SH-SYS5Y-APRgs
cells were transfected with either siRNA targetgdiast BIN1, or a non-targeting
control sequence, and incubated for 24 hours. @edl® washed and incubated for
48 hours with serum free medium, then medium waveséed and cells were
harvested and lysed. Cell lysates were westerntedlofor BIN1 and APP,
conditioned media was western blotted for sARRd sAPB (figure 4.3. A). A
levels in conditioned media were determined by BLI8gure 4.3 E). BIN1 was
knocked down by 65 % (p<0.001) in cells transfeatdtth BIN siRNA (figure 4.3
B). BIN1 knockdown caused a significant 7 % inceeas APRgs (p=0.04) but did
not alter APRsy770 in cell lysates (figure 4.3 C). BIN1 knockdown ditbt

significantly alter sAPE (figure 4.3 D), sAPP (figure 4.3 E) or A (figure 4.3 F).

To confirm the results of the knockdown of BIN1 &#P processing the
converse experiment was performed and BIN1 was-expressed in SH-SY5Y-
APPsg5 cells. The neuronal isoform of BIN1 in the vectpcDNA3.1(+) was
obtained from Source Bioscience. SH-SY5Y-ARRcells were transfected with
BIN1 in pcDNA3.1(+) (empty vector was transfected as a control), then
transfected cells were selected with the antibiGdd 8 to generate a cell line stably
expressing BIN1: SH-SY5Y-ARB-BIN1. SH-SY5Y-APRgsBIN1 and SH-SY5Y-
APPsos-vector cells were incubated for 48 hours, then iomadwas harvested and
cells were harvested and lysed. Cell lysates wexsem blotted for BIN1 and APP,
conditioned medium was western blotted for sARIRd sAPB (figure 4.4 A). /8
levels in conditioned media were determined by BL{8gure 4.4 E). The neuronal

isoform of BIN1 appeared as a doublet band on wedtiots. There is no evidence
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in the literature for post-translational modificatiof BIN1 (e.g. by glycosylation or
phosphorylation), so the lower molecular weightdamay result from cleavage of
the full length BIN1 by an un-identified protea®iN1 over-expression caused a
significant 19 % decrease in ARRIn cell lysates (p=0.03) but did not significantly
alter APBsy770 (figure 4.4 B). BIN1 over-expression did not siipantly alter
sAPRx (figure 4.4 C), or sAPP (figure 3.5 D). BIN1 over-expression caused a
significant 10 % decrease inB4 (p=0.005) but no change inp4 (figure 4.4 E).

Together these data show that BIN1 expression agggIAPP and Rlevels.
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Figure 4.3 The effect of BIN1 knockdown on APP praolysis. (A)
Representative western blots on cell lysates (3D tramsfected with siRNA for
BIN1 (+) or non-targeting control (-) for: BIN1 viitab54764 (top panel), APP with
22C11 (second panel) and conditioned media (40ferg3APRy with 6E10 (third
panel) and sARPwith 1A9 (fourth panel). (B) Quantification of wesn blots for
BIN1. (C) Quantification of western blots for APE) Quantification of western
blots for sAPR. (E) Quantification of western blots for sARP(F) ELISA to

determine A in conditioned media. Data are mean £ S.D. n=3{*p5).
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Figure 4.4 The effect of BIN1 over-expression on AP proteolysis.
(A) Representative western blots on SH-SY5Y-AgBPcell lysates (30 pg)
transfected with BIN1 cDNA (+) or empty vector {or: BIN1 with ab54764 (top
panel), APP with 22C11 (second panel) and conditiomedia (30 pg) for sARP
with 6E10 (third panel) and sABRvith 1A9 (fourth panel). (B) Quantification of
western blots for APP. (C) Quantification of wenteblots for sAPR. (D)
Quantification of western blots for sABP(E) ELISA to determine A in

conditioned media. Data are mean + S.D. n=3 (*p5)*®p<0.01).
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4.5 The effect of BIN1 on APP endocytosis

Altering the expression of BIN1 alters the levefsA®P in the cells, and
secreted, suggesting that it affects the amount A processed in the
amyloidogenic pathway. Processing in the amyloidagepathway requires
endocytosis of APP, therefore BIN1 may play a mlesgulating the endocytosis of
APP. Cell surface APP in SH-SY5Y-ARE cells expressing BIN1 or empty vector
was labelled, cells were incubated for 10 minutesither 4°C or 37°C, then cells
were either fixed, permeabilised, and stained fBPAfigure 4.5 A), or cell surface
APP was determined by flow cytometry (figure 4.5. Bells that had been
incubated at £C showed APP fluorescence at the cell surface wdtty little
staining inside the cells. Cells that had been bated at 37°C showed APP
fluorescence in intracellular vesicles with consaddy less APP at the cell surface
(figure 4.5 A). Flow cytometry showed a significadt % decrease in cell surface
APP in vector transfected cells (p=0.04), and aiant 70 % decrease in cell
surface APP in BIN1 over-expressing cells (p<0.00#137°C compared to 4C
(figure 4.5 C). However, over-expression of BINM diot significantly alter the
amount of APP endocytosed (figure 4.5 C, compawtoveand BIN1 at 37C).
BIN1 over-expression did not alter cell surface AlRRels (figure 4.5 D). These

data suggest that BIN1 does not regulate APP endlsisy
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Figure 4.5 The effect of BIN1 over-expression on AP endocytosis.
(A) SH-SY5Y-APRys cells transfected with either BIN1 cDNA or emptgctor
stained with anti-APP antibody 6E10 were incubdited 0 minutes at either %C or
37 °C fixed, permeabilised and stained for APP (greenylei were stained with 2
ngmi* DAPI (blue). (B) Representative histograms showiatj surface APP (FITC
fluorescence) after a 10 minute incubation at edf€ (top) or 37°C (bottom). (C)
Geometric mean of cell surface APP expressed asaempage cell surface APP at
4 °C. (D) Geometric mean of cell surface APP in samplecubated at 4C,
expressed as a percentage cell surface APP onecgllessing the empty vector.

Data are mean £ S.D., n=3. (*p<0.05)(****p<0.0001).
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4.6 The effect of BIN1 on cell surface N-methyl-D-aspaate

receptors

Cell surface NMDA receptors have been shown to égulated by APP
expression (Cousins et al., 2009; Innocent et2811,2). The data presented here
demonstrate that BIN1 regulates APP levels ancetber may regulate cell surface
NMDA receptorsvia APP. Cell surface NMDA receptors in SH-SY5Y-ARells
expressing BIN1 or empty vector were labelled usin@nti-GluN2B antibody, then
cells were either fixed, permeabilised and staiftedNMDA receptors (figure 4.6
A) or cell surface NMDAR was determined by flow aytetry (figure 4.6 B). The
GIuN2B subunit of NMDAR is not trafficked to thelcsurface unless it has formed
the whole NMDAR complex, therefore GIuUN2B at thell ceurface accurately
reflects cell surface levels of NMDAR containing t&luN2B subunit. (Mcllhinney
et al., 1998). BIN1 over-expression did not causegaificant change in cell surface

NMDAR (figure 4.6 C).
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Figure 4.6 The effect of BIN1 over-expression on kesurface NMDA
receptors. (A) SH-SY5Y-APRgs cells were fixed, permeabilised and NMDA
receptors stained with SAB2500699 (green), nucleiewstained with 2 pg ml
DAPI (blue). (B) Representative histograms showself surface NMDA receptors
(FITC fluorescence) on SH-SY5Y-ARR transfected with BIN1 cDNA or empty
vector. (C) Geometric mean of cell surface NMDAegtors on SH-SY5Y-AP{gs

transfected with either BIN1 cDNA or empty vectbata are mean + S.D. n=3.
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4.7 BIN1 in the human brain

BIN1 in the human brain during aging and Alzheirsedisease, and the
correlation of BIN1 with A in the human brain was investigated. Four differen
cohorts of brain samples were investigated: agofgppd 1 (table 3.1), sporadic AD
cohort 2 (table 3.2), familial AD cohort 3 (tabl8Band sporadic AD cohort 4 (table

3.4). For details on the brain samples in each ta®e chapter 3.

A preliminary western blot for BIN1 on a selectiaf temporal lobe
homogenates from sporadic AD cohort 4 showed prentibands at approximately
90 kDa and 60 kDa (figure 4.7 A). The predicted ecalar weight of the neuronal
isoform (and the longest isoform) of BIN1 is appmately 70 kDa, however BIN1
migrates at an aberrantly high molecular weightS®S-PAGE (Ramjaun et al.,
1997). The neuronal isoform of BIN1 expressed inS¥bY cells migrates as a
doublet at approximately 90 kDa (figure 4.7 B) sesting the 90 kDa band in
human brain homogenates is the neuronal isoforBINfL. The lower molecular
weight 60 kDa band is also detected in SH-SY5Y badates, and its intensity is
decreased by BIN1 siRNA (figure 4.4 A), demonstmgtthat this band is another

isoform of BIN1. Both the 90 and 60 kDa isoformsBdN1 were quantified.
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Figure 4.7 BIN1 detected in human brain homogenateand SH-SY5Y cell

lysates.(A) Western blot of a selection of human tempdodle homogenates (40

pg) from cohort 4 for BIN1 using ab54764. (B) Westblot SH-SY5Y-APRys cell

lysates (30 pg) expressing the neuronal isoforBINfL for BIN1 using ab54764.



-139 -

Quantification of western blots for BIN1 on aginghort 1 hippocampal
(figure 4.8 A) and temporal lobe (figure 4.8 B) hmgenates showed a significant
negative correlation between both 60 kDa BIN1 (feggd.8 C, p=0.03) and 90 kDa
BIN1 (figure 4.8 E, p=0.01) and age in the hippopas) suggesting BIN1 decreases
in the hippocampus with age. There was no sigmficarrelation between 60 kDa

BIN1 (figure 4.8 D) or 90 kDa BIN1 (figure 4.8 Fa@d age in the temporal lobe.

Quantification of western blots for BIN1 on Spo@dAD cohort 2
hippocampal (figure 4.9 A) and temporal lobe (fg4.9 B) homogenates, and on
familial AD cohort 3 hippocampal homogenates (fgu4.9 C) showed no
significant difference in 60 kDa BIN1 in sporadidAbrains compared to age-
matched control samples (figure 4.9 D). The 90 kbaronal isoform of BIN1 was
not detected in sporadic AD cohort 2 brains. Theas no significant difference in
either 60 kDa (figure 4.9 E) or 90 kDa BIN1 (figu4e9 F) in familial AD brains

compared to age-matched controls.

Quantification of western blots for BIN1 on spo@diD cohort 4 temporal
lobe homogenates (figure 4.10 A) showed a sigmifiatecrease of both 60 kDa
BIN1 (figure 4.10 B, p=0.03) and 90 kDa BIN1 (figu#.10 C, p=0.01) in sporadic
AD brains compared to age-matched controls. Theas mo correlation of either
60 kDa (figure 4.10 D) or 90 kDa BIN1 (figure 4.ED with soluble A. There was
no correlation of 60 kDa BIN1 with insolublepAfigure 4.10 E), but there was a
significant negative correlation of 90 kDa BIN1 Wwitnsoluble A (figure 4.10 G,
p=0.046). These results support the data from @dlure models showing that

increased BINL1 results in decreasefllévels.
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Figure 4.8 BIN1 in the aging brain, aging cohort 1(A) Western blot for
BIN1 on human hippocampal homogenates (50 pg) femimg cohort 1 using
ab54764. (B) Western blot for BIN1 on human temptole homogenates (50 pg)
from aging cohort 1 using ab54764. (C) Quantifaatiof 60 kDa BIN1 from
western blots on hippocampal homogenates for BIbidth( bands indicated by
arrows were quantified together). Spearman’s caticgi showed a significant
(p<0.05) correlation between 60 kDa BIN1 and agkeuman hippocampal samples.
(D) Quantification of 60 kDa BIN1 from western kdoton temporal lobe
homogenates for BIN1. Spearman’s correlation shomedsignificant correlation
between 60 kDa BIN1 and age in human temporal samaples. (E) Quantification
of 90 kDa BIN1 from western blots on hippocampalmiogenates for BIN1.
Spearman’s correlation showed a significant (p<pdSrelation between 90 kDa
BIN1 and age in human hippocampal samples. (F) @fication of 90 kDa BIN1
from western blots on temporal lobe homogenate8ml. Spearman’s correlation
showed no significant correlation between 90 kDA B&and age in human temporal

lobe samples.
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Figure 4.9 BIN1 in the human brain in sporadic AD ohort 2 and familial AD
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Figure 4.9 BIN1 in the human brain in Sporadic AD ohort 2 and Familial
AD cohort 3. (A) Western blot for BIN1 on Sporadic AD cohortSAD and age-
matched control human hippocampal homogenates (§Ouging ab54764. (B)
Western blot for BIN1 on Sporadic AD cohort 2 SARdaage-matched control
human temporal lobe homogenates (50 pg) using &454) Western blot for
BIN1 on Familial AD cohort 3 FAD and age-matchedntrol hippocampal
homogenates (50 pg) using ab54764. (D) Quantifipatf 60 kDa BIN1 from
western blots for BIN1 on sporadic AD cohort 2 SADd age matched control
human hippocampal and temporal lobe homogenates).(tE) Quantification of
60 kDa BIN1 from western blots for BIN1 on FamiliaD cohort 3 FAD and age-
matched control human hippocampal homogenates (n#)) Quantification of
90 kDa BIN1 from western blots for BIN1 on FamiliaD cohort 3 FAD and age-

matched control human hippocampal homogenates .(n=6)
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Figure 4.10 BIN1 and A levels in Sporadic AD cohort 4 and age-matched
control temporal lobe. (A) Western blot for BIN1 on Sporadic AD cohortSAD
and age-matched control human temporal lobe honatgeri40 Lg) using ab54764.
(B) Quantification of 60 kDa BIN1 from western dotor BIN1 on Sporadic AD
cohort 4 SAD and age-matched control human tempgob@ homogenates (n=24).
(C) Quantification of 90 kDa BIN1 from western [ddor BIN1 on Sporadic AD
cohort 4 SAD and age-matched control human tempob&l homogenates (n=24).
(D) Spearman’s correlation analysis showed no tarom between 60 kDa BIN1
and soluble A in human temporal lobe samples. (E) Spearman’selation
analysis showed no correlation between 60 kDa BdNd insoluble A in human
temporal lobe samples. (F) Spearman’s correlatimlyais showed no correlation
between 90 kDa BIN1 and solublepAn human temporal lobe samples. (G)
Spearman’s correlation analysis showed a significarrelation (p<0.05) between

90 kDa BIN1 and insoluble f\in human temporal lobe samples.
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4.8 Discussion

Endocytosis is critical in the generation and thgake of 4. BIN1 is
involved in endocytosis in neurons (Ramjaun etl&97; Wigge et al., 1997) so the

role of BIN1 in both of these processes was ingas#id.

BIN1 knockdown in SH-SY5Y cells did not affect tbptake of A and BIN1
did not co-localise with B, which suggests that BIN1 does not regulate thiiakep
of AB by neurons. A is generated within cells, and then secretededcegtracellular
space, where it can then be re-internalised byamsurSeveral groups have shown
that A3 is taken up by endocytosis, and the uptake pfnfay be required for A
toxicity (Cizas et al., 2011; Song et al., 201Xudses have shown that3® binds to
specific receptors on neurons (for example theulzellprion protein and RAGE,
receptor for advanced glycation end products) ¢dler et al., 2008; Lauren et al.,
2009; Kudo et al., 2012), so it is possible tha BH-SY5Y cells used do not
express the required pAreceptor proteins (SH-SY5Y cells for example da no
express the prion protein). Other groups have shihah A3 is internalised in an
endocytosis-independent manor (Kandimalla et 8092, in which case expression
of BIN1 would not be expected to alteBAiptake. It is also not clear whethep A
needs to be internalised in order to mediate tekects on the cell, or whethe3A
can initiate intracellular signalling cascades ujpamding to cell surface receptors
which result in cell death. It is possible that BINay be involved in the regulation
of these signalling cascades or the cell surfageession of these receptors. It is
also important to note that during endocytosis Blifdtms a heterodimer with
amphiphysin 1, a BIN1 homologue. Amphiphysin 1 iapable of forming

homodimers in the absence of BIN1 (Wigge et al97)9so BIN1 knockdown may



- 147 -

not have a significant effect on endocytosis in #iesence of also reducing

amphiphysin I.

BIN1 did not regulate B uptake, so the effect of BIN1 onfAyeneration and
APP proteolytic processing was determined. BIN1 dkaown significantly
increased APP levels, and caused a trend towaateaised sARR BIN1 over-
expression caused a significant decrease in both &Rl A, as well as a trend
towards decreased sAPPBIN1 did not affect SAP® levels. These data suggest
that BIN1 regulates B generation, and leads to the hypothesis that legéls of

BIN1 decrease B generation so are protective against developnfehbo

Increasing BIN1 expression decreased APP levels,decreased Abut did
not alter SAPR, which suggests that BIN1 regulates APP that exgssed in the
amyloidogenic rather than the non-amyloidogenichwaly. Endocytosis of APP
from the cell surface is the key event influencivigether APP is processed &yor
B-secretase, and so dictating through which pathw&P is processed. To
determine whether BIN1 can regulate the endocytosithe cell surface levels of
APP, cell surface APP was measured by flow cytoyneiiter a 10 minute
incubation at either 4 or 3T. At 4°C, which reflects steady state cell surface APP
levels, there was less APP at the cell surfacelis expressing BIN1, however, this
difference was not significant. Both in cells exggiag BIN1 or empty vector there
was a significant decrease in cell surface APP afte0 minute incubation at 3T
indicating that endocytosis of APP occurred in bcdlses. This suggests that BIN1
iS not regulating the total amount of APP endoastipgherefore it is not regulating
B-cleavage of APP by regulating the gross endocytmiSAPP. Since the decrease in

AP is accompanied by a decrease in full length AR® ghggests that rather than



- 148 -

simply retaining APP intracellularly BIN1 is re-doting APP that is normally

processed in the amyloidogenic pathway to be degradanother pathway.

Altering the expression of BIN1 regulates APP Isyéhis may have several
implications for the functioning of neuronal cedlad AD. APP has been shown to
regulate both cell surface NMDAR levels (Cousinsakt 2009; Innocent et al.,
2012) and cell surface choline transporter lewalarfg et al., 2007).

Innocent et al., (2012)ave shown that increasing APP expression increases
cell surface NMDAR levels (Innocent et al., 2012&gtivation of NMDAR has been
shown to be important for synaptic plasticity andd term potentiation, which is
involved in learning and memory (Bliss and Colliigle, 1993; Collingridge and
Bliss, 1995). Several different proteins have bigeplicated in the trafficking and
metabolism of NMDAR, and Lau and Zukin have progb$igat dysregulation of
this trafficking may have a role in the developmeh®AD (Lau and Zukin, 2007).
Furthermore the drug Memantine, an NMDAR antagomias had some success in
treating severe AD (Winblad and Poritis, 1999; Basal., 2011). To determine the
functional consequences of altering BIN1 expresteorls on cell surface NMDAR
levels, BIN1 was over-expressed in SH-SY5Y-ARPcells, and cell surface
NMDAR levels were measured by flow cytometry. Thmdtional NMDAR is a
tetramer composed of four subunits, normally suesypf GIuN1l and GIluN2
subunits (Paoletti and Neyton, 2007). GluN1 or Gwibunits are not transported
to the cell surface unless in a full NMDAR compl@cllihinney et al., 1998), so
using an anti-GluN2B antibody directed against & pithe NMDA receptor that is
extracellular allows measurement of full/functioMdMDAR at the cell surface.
This showed that increasing BIN1 expression (soradsing APP expression)
caused a trend towards increased (rather thanateateas was reported previously)

cell surface NMDAR containing GIuN2B, suggestingttlif BIN1 regulates cell
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surface NMDAR it is by a different mechanism thdterang APP expression.
NMDAR function has been shown to decrease with @genzales et al., 1991;
Wenk et al.,, 1991; Magnusson et al.,, 2002), andad been hypothesised that
chronic decreases in NMDAR function can lead toradegenerative changes in the
brain, by causing excessive release of acetylchddind glutamate (Giovannini et
al., 1994; Moghaddam et al., 1997) which causes etsgpnulation and
excitotoxicity to the post synaptic neuron (Newcorma@d Krystal, 2001). High
levels of BIN1 may be neuroprotective by keeping DIMR levels high so
counteracting the age related decrease in NMDAR.

To investigate BIN1 in the human brain during ADdaaging BIN1 in four
different cohorts of brain samples was determingd western blotting. Two
isoforms of BIN1, one at 60 kDa and one at 90 kaendetected in human brain
samples. It is clear that both these bands are BitNL60 kDa band is detected in
SH-SY5Y cells lysates, and is reduced by treatnwattt BIN1 siRNA, and the
90 kDa band corresponds to the neuronal isoforrBINfL over-expressed in SH-
SY5Y. Both isoforms of BIN1 decreased with age inman hippocampal samples,
but not temporal lobe samples. There was no saifidifference in the amount of
BIN1 in sporadic AD or familial AD brain samples mpared to age matched
control samples in cohorts 2 and 3, but there wgasfeantly less BIN1 in sporadic
AD temporal lobe samples compared to age matchattatsamples in cohort 4.
These data show that BIN1 is reduced in the bragging and in AD, and therefore
agree with the hypothesis that high levels of BEXpression are protective against
development of AD. Reduced levels of the 90 kDéoiso of BIN1 were associated
with increased levels of insolubleBAin cohort 4. There was no significant
association between the 60 kDa isoform of BIN1 Afidsuggesting that only the

neuronal isoform has a role in regulatingd Anetabolism. The non-neuronal
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isoforms of BIN1 are located in the nucleus andhdbhave a role in endocytosis, so
it is unlikely that they would influence fAgeneration (Butler et al., 1997; Elliott et
al., 2000). The 90 kDa isoform of BIN1 did not cdate with soluble A levels in
the temporal lobe. However, there was no differancene levels of soluble Rin
sporadic AD temporal lobe samples compared to aagetrad controls, suggesting

that the form of soluble f\detected by the ELISA is not related to sporadiz A

It is possible that BIN1 may have a non-endocyitated role in the
development of AD. The nuclear isoform of BIN1 (tiseform expressed by most
somatic cells rather than just neuronal cells) maseffect on endocytosis, but is
involved in caspase-independent programmed celthdé&lliott et al., 2000).
Programmed cell death contributes to neuronal deatkD, and cells undergoing
caspase-independent programmed cell death haverdyeened in the AD brain (Yu
et al.,, 2010b). However, a number of endocytodeted proteins have been
implicated in the development of AD by GWAS (e.dCRLM, BIN1, CD2AP
(Tebar et al., 1999; Meyerholz et al., 2005; Hatehl., 2008)) and there is a lot of
evidence that endocytosis is important for AD pg#mesis. Furthermore the
neuronal isoform of BIN1, but not the non-neuroisaforms of BIN1, has a role in
endocytosis (Elliott et al., 2000). Together witle data presented here showing that
BIN1 alters the processing of APP, this makesghlyi likely that BIN1 is involved
in the development of AD due to its endocytic rattin its cell death promoting

functions.

Together these data suggest that increased levielBIN1 reduce the
development of sporadic AD by decreasing the amot#PP, and decreasing the
amount of A produced by neurons. Furthermore, BIN1 levels el in the brain

with age, which may contribute to the increasedk d developing AD with
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increasing age. BIN1 has been related to SAD by tswogle nucleotide
polymorphisms (SNPs), rs744373 and rs7561528 bbtuhach lie approximately
30 kb upstream of the start of the BIN1 gene. Thlesequence of this is that the
primary or the three-dimensional structure of BliNTot altered by either of these
SNPs; however, they may cause alterations in thgression of BIN1 such as
altering timing of expression, altering expressiemels or altering the isoform
expressed. In light of the evidence shown hereoitild be interesting to determine
whether either of these SNPs are in regions oftN& involved in regulation of

BIN1 expression.
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5 Discussion

5.1 Contactin 5

The Proteins studied in chapter 3, neurofascin,-Ttand CNTN5, were all
identified from anin vivo APP interactome study (Bai et al., 2008). All thref
these proteins had some effect on the regulatiohR# metabolism, altering either
levels of full length APP, sARER sAPP or AB. Table 1.1 (section 1.8) shows
several proteins, all with roles in the regulatioh APP. This demonstrates the
complexity of the regulation of APP metabolism, andturn the complexity of
Alzheimer’'s disease: dysregulation of one or mdréhese regulatory proteins may
contribute to the development of AD. Although diletproteins investigated in
chapter 3 appeared to be involved in the reguladbAPP metabolism, the most

dramatic results were obtained with CNTNS.
5.1.1 Contactin proteins andy-secretase

Over-expression of CNTN5 in HEK-AR& cells caused a decrease ift A
secretion, and an increase in the C-terminal fragen€83 and C99 in the cells. This
decrease in the-secretase cleavage productjAand increase in the-secretase
substrates (the C-terminal fragments) suggests @NINS inhibits y-secretase.
Other members of the contactin family have beenwshto be regulators of-
secretase: CNTNL1 is capable of inducjagecretase dependent release of the Notch
intracellular domain (NICD) (Hu et al., 2003), a@MTN2 has been shown to cause
y-secretase dependent release of the AICD (Ma ,e2@08).y-secretase is required
for generation of B, and for this reason inhibition of-secretase is being

investigated as an AD therapeutic strategy. Trgatiice with a poteng-secretase
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inhibitor caused weight loss, a decrease in thebmunof B and T cells, altered
morphology in the gastrointestinal tract, and 4@®fthe mice on a higher dose of
the inhibitor had died by day 15 of the trial (Woeal., 2004). Furthermore PS1
knockout mice die within minutes of birth (Shenadt 1997). Regardless of the
adverse effects observed in migesecretase inhibitors have been developed as
potential AD therapeutics, but none of them havssed clinical trials. The most
recent example is Semagacestat (LY450139)sacretase inhibitor developed by
Eli Lilly. This drug showed promise in early trialg did not cause adverse side
effects and it decreased plasm@ Kevels (Siemers et al.,, 2007; Fleisher et al.,
2008). However, in phase three trials this druggrered worse than the placebo,
and increased the risk of skin cancer, so trials rewediscontinued
(http://newsroom.lilly.com/releasedetail.cfm?relmds499794, Eli Lilly press
release). This suggests that complete inhibitiop-sécretase may not be a suitable

therapeutic strategy for treatment of AD.
5.1.2 Contactin 5 as ay-secretase modulator

More recently, due to the problems witksecretase inhibitors, research has
moved towards the developmentye$ecretase modulatorg.secretase modulators
can differentially affect the activity ofsecretase towardspfand AICD generation,
without affectingy-secretase cleavage of other substrates (such &h)N&ome
examples ofy-secretase modulators aresecretase activating protein (GSAP) and
the drug Gleevec (Eisele et al., 2007; He et &1,02 These modulators have the
potential to inhibit the generation offAwithout the unpleasant side effects caused
by complete inhibition ofy-secretase. The drug Gleevec (Imatinib) decreages A
secretion and increases AICD generation in celiuce) by modulating-secretase

activity via GSAP. The model proposed for thishattGSAP binds the-secretase-
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APP ternary complex, altering the structure of twmplex and so promoting
cleavage of APP at thesite and thus increasing the generation pf(fgure 5.1).
Gleevec prevents GSAP from binding to theecretase-APP ternary complex,yso
secretase cleaves predominantly at d¢fste of APP reducing A\ and increasing
AICD generation. Increased generation of AICD cotlidn further decreasepA
levels by causing an AICD induced increase in mggini (NEP) expression, leading
to increased B degradation (Eisele et al., 2007; He et al., 20EGFNTNS5 is ay-
secretase modulator, rather than an outrigsecretase inhibitor, it could have
potential as a target for AD therapeutics, so furtivork should focus on this. To
determine whether CNTN5 could beya&ecretase modulator the effect of CNTN5
on generation of AICD from APP, as well as the @ffef CNTN5 on the cleavage
of othery-secretase substrates, needs to be determinedufdesnt of AICD by
western blotting in HEK-AP&s cells expressing CNTN5 was attempted but not
achieved. An alternative way to measure AICD geiimrds to measure expression
of genes whose expression is regulated by AICDq siscNEP. Increased generation
of AICD results in increased expression of NEP, #éimd can be measured by
guantitative reverse transcription PCR for NEP mRNardossi-Piquard et al.,

2005).

It has previously been demonstrated that transenglly active AICD is only
generated in neuronal cell lines, rather than in-meuronal cell lines such as HEK
cells (Belyaev et al., 2010). The effect of CNTN® ¢-secretase has been
demonstrated in both HEK cells and the neurondlliced N2a cells, so NEP and
AICD levels could be determined in N2a cells ovepressing CNTN5. Both HEK
and N2a cells are immortalised cell lines so furtadies into the effect of CNTN5
on AB generation could be carried out in primary neur@etermining the effect of

knockdown of CNTN5 expression on APP metabolism m@<carried out as no cell
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lines endogenously expressing CNTN5 were identifledmary glial cells express
CNTN, but this expression is quickly lost when tbells are grownin vitro

(Eckerich et al., 2006), suggesting that CNTN5 niey expressed in primary
neuronal cells. If that is the case CNTN5 expressian be knocked down in
primary neuronal cells, then the effect of thisAfhand NEP can be determined by

ELISA and quantitative reverse transcription PGRpectively.
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TAB B TNEP———————> iAB

Extracellular

Gleevec

Cytosol

\TAICD

Figure 5.1 GSAP and Gleevec ag-secretase modulatorsOn the lefty-
secretase activating protein (GSAP) bindsttsecretase-APP ternary complex and
causesy-secretase to cleave APP at theite generating A On the right in the
presence of Gleevec, GSAP does not bindyteecretase-APP ternary complex. In
the absence of GSARsecretase cleaves APP predominantly attbige generating
AICD. The AICD upregulates expression of neprilysiwvhich increases &

degradation, further reducingAevels.
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5.1.3 Contactin 5 and Notch processing

The second important factor that could determinetidr CNTN5 is a viable
therapeutic target for AD is whether CNTN5 regudatiee cleavage of Notch by
secretase. The involvementyegecretase in Notch proteolysis and generatiohef t
NICD has previously been a problem fpssecretase inhibiting AD therapeutics.
Notch has also been shown to have a role in camaboth oncogenic and tumour
suppressive roles have been demonstrated (Klinetkisl., 2011). Mutations that
inactivate Notch have been found in patients wabkhemia, and inducing these
mutations in mouse haematopoietic stem cells caasdelukaemia-like disease
(Klinakis et al.,, 2011), demonstrating further puiel complications for
therapeutics that alter the activity pkecretase. This demonstrates the importance
of Notch cleavage in cells, so it is vital thasecretase targeting drugs do not
interfere with Notch cleavage and NICD generatitime effect of CNTN5 on NICD
generation can be determined by expression of CNaiNbNotciAE in cell lines,
then examining the effect of CNTN5 expression orele of NICD. NotciAE is a
truncated form of Notch. Cleavage of Notch fgecretase occurs after an initial
cleavage event, which is activated by receptor ibmdgenerating NotckE.
Therefore NotchE, rather than the full-length Notch protein is gubstrate foy-

secretase (Fortini, 2002).

5.2 BIN1

5.2.1 BIN1 expression and 4

BIN1 has been genetically linked to sporadic AD ®BWAS (Harold et al.,
2009; Bertram and Tanzi, 2010; Seshadri et al.02@arrasquillo et al., 2011;

Hollingworth et al., 2011; Hu et al., 2011; Wijsmahal., 2011) so investigations
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into the effect of BIN1 on APP metabolism can natlyoidentify potential
therapeutic targets for AD, but also shed some lagito the mechanisms involved
in the of development of sporadic AD, as BIN1 |svelere found to be decreased
both during aging and in sporadic AD brain sampe@mination of BIN1 levels in
human brain samples suggest that high levels ofl1Bpikbtein in the brain are
protective against the development of sporadic BBta from over-expression and
knockdown studies of BIN1 in SH-SY5Y cells providepotential mechanism for
the protection afforded by BIN1. Higher levels ofNB expression reduced total
APP levels, leading to reduced processing of APEhénamyloidogenic pathway,
ultimately resulting in reducedpAgeneration. This is the first time a potentiakerol
for BIN1 in the development of sporadic AD has batmntified.

The data in chapter 4 suggests that modulatingessgn of BIN1 could be a
potential therapeutic intervention for AD. Variatiat two SNPs 30 kb upstream of
the start codon of BIN1 appears to influence theetbgment of sporadic AD
(Harold et al., 2009; Seshadri et al., 2010). ghtiof the data presented here it
would be interesting to determine whether eithethef AD-causing SNPs cause a
decrease in expression of the neuronal isoformINfLBn the brain. If these SNPs
result in reduced BIN1 expression, an increasefirgéneration would be expected,
which may lead to an increased chance of developibg A recent study by
Jonsson et al., (2012) shows that a mutation in wRieh decreasesAgeneration
decreases the risk of developing AD. This shows Af& levels throughout life
affect the development of AD. It also suggests ih&eatment with an A lowering
drug begins early in the disease process then ioweXp could be an effective
therapeutic approach for treating AD. Identificatiof carriers of the AD-related

BIN1 SNPs could identify individuals at risk of ddeping AD, and early
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intervention with A lowering therapies has the potential to prevent AD

development.
5.2.2 BIN1 expression and APP

Another avenue for further investigation is théeets of the BIN1 induced
changes in APP levels. Increasing BIN1 expressegrahsed APP levels, whereas
decreasing BIN1 expression increased APP level® &pression has been shown
to alter synaptic strength and the number of fameti synpases (Priller et al., 2006).
Wang et al.,, (2007) showed that an increase in AdRBression increases
endocytosis of the high affinity choline transporfi®m pre-synaptic terminals, so
decreasing the uptake of choline from the synagift. Re-uptake of choline is
important for the re-synthesis of the neurotransmiacetylcholine. Acetylcholine
has important functions in learning and memory, enachy of the current treatments
for AD focus on increasing levels of acetylcholime the synapse. This means
increases in APP expression may contribute to symgtsuch as reduced memory
and reduced synaptic activity by reducing the amaifnacetylcholine synthesis
(Wang et al., 2007). Acetylcholine synthesis andlicke uptake are decreased in
AD, causing decreases in cholinergic function (Eraret al., 1999; Sharp et al.,
2009) which correlates with cognitive decline (Gar&lloza et al., 2005).

The decreased levels of acetylcholine in AD hanlktberapeutically targeted
using acetylcholine esterase inhibitors, such asepezil and Galantamine, to
inhibit the breakdown and so increase levels oftyéd®oline. These drugs have
been shown to be neuroprotective in cells in celt@nd can causes a temporary
stabilisation or less than predicted decline innitdge function in AD patients
(Wilkinson et al., 2004; Francis et al., 2005) simghat increasing acetylcholine

can have a therapeutic benefit. APP expressionalsasbeen shown to modulate



- 160 -

LTP — in mouse models both increases and decregasepression of APP decrease
LTP (Matsuyama et al., 2007). This means thatricesase in APP caused by a loss
of BIN1 could cause a decrease in LTP so decreasaihg and memory formation.
Innocent et al., (2012) showed that APP expressegnlates cell surface NMDAR
expression and so potentially can regulate thengtiheand activity of synapses
(Innocent et al., 2012).

Data in chapter four showed that BIN1 expressio8H-SY5Y cells, however,
did not cause sufficient APP alterations to affeit surface levels NDMA receptor
containing the GIuN2B sunbunit. NMDA receptors a@mposed of a GIuN1
subunit, and one of more GIuN2 subunits. Therefaue different GIuN2 subunit,
GIuN2(A-D) (Hynd et al., 2004). The work in chapteur only investigated NMDA
receptors containing the GIuN2B subunit, therefor¢her work could investugate
whether the BIN1 induced alterations in APP carediffcell surface levels of
NMDA receptors containing the GIuN2A, C or D sunisinlt remains to be
determined whether the BIN1 induced increases i &Rpression can modulate
any other processes, but if so then therapeutigetiag this increase in APP have
potential to prevent AD symptoms caused by decteasetylcholine, decreased

LTP and alterations in cell surface NMDA receptors.

5.3 Concluding remarks

Alzheimer's disease is a complex disease: manytem® regulate the
processing of APP and the generation §f many proteins regulate the binding and
toxicity of AB to neurons and many proteins and cell types arehiad in the
clearance of A from the brain. Dysregulation of these proteins haen shown to
have the potential to influence the developmenADf yet it is not clear which of

these contribute to the development of &Dvivo. It is likely that dysregulation of
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several pathways is involved in the developmenhefdisease. Over the last decade
numerous large studies have been carried out, asI€BWAS and APP interactome
studies, which have identified proteins with anoiwement in AD. However there
has been a severe lacking of research into howethewly identified genes and
proteins influence the development of AD. For exlEmine AlzGene database
(www.alzgene.org) currently contains details of 238udies and 695 genes that
have been shown to be related to AD, yet with tleeption of APOE no
mechanism for the involvement of any of these geémdéise development of AD has
been published. In order for this newly generatédrmation to advance the field of
AD detailed studies into these proteins need todrded out. Recent work by Bali
et al., (2012) has begun this, by knocking dowrresgion of 25 SAD related genes,
and determining the effect this has on spPRIxd Ao, and As,. This research
showed that knockdown of 17 out of 24 SAD relatedes caused an increase ih A
production (Bali et al., 2012). The results gerextety Bali et al., support the data
presented here showing that BIN1 knockdown causesaease in amyloidogenic
cleavage of APP. The work presented in this thagithers the investigations by
Bali and co-workers, showing that BIN1 over-expi@sdas the opposite effect to
BIN1 knockdown on APP processing as well as showuliag BIN1 is not involved
in the up-take of BOs.

The work presented here is a detailed analystheinvolment of two novel
proteins, BIN1 and CNTNS5, in the regulation of Ap®cessing and \generation.
CNTNS5 and BIN1 regulate APP processing at diffeygoints — BIN1 regulates the
levels of APP and the amount of APP directed dolwen dmyloidogenic pathway,
whereas CNTN5 regulates thesecretase cleavage of APP (figure 5.2). Both of
these reduce [A generation, and represent potential targets fduréu AD

therapeutics.
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Figure 5.2 The role of BIN1 and CNTNS5 in the regudtion of APP

processing.BIN1 and CNTN5 regulate the processing of APPrafteas been
synthesized, transported to the cell surface add@osed. BIN1 is involved in the
trafficking of APP re-directing it from processing the amyloidogenic pathway to
compartments of the cell where it is degradedeslocing the amount of APP that is
cleaved on the amyloidogenic pathway. CNTNS5 inBipisecretase cleavage of

APP reducing B generation.
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7 Appendix

7.1 DNA sequences of constructs used in over-expressistudies

7.1.1 Empty pcDNA3.1(+) sequence
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101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501

GACGGATCGG
TGCTCTGATG
GGAGGTCGCT
GCTTGACCGA
CTGCTTCGCG
TAGITATTAA
TGGAGTTCCG
CCCAACGACC
AACGCCAATA
AAACTGCCCA
CCTATTGACG
CATGACCTTA
TCGCTATTAC
TAGCGGTTTG
TGGGAGITTG
ACAACTCCGC
GICTATATAA
GCTTATCGAA
GITTAAACTT
GGAATTCTGC
CCGITTAAAC
TCTGITGITT
TCCCACTGIC
GTAGGTGTCA
GAGGATTGGEG
GGCTTCTGAG
CGCCCTGTAG
GI'GACCGCTA
CCCTTCCTTT
GGEEGECTCCC
AAAAAACTTG

GAGATCTCCC
CCGCATAGTT
GAGTAGTGCG
CAATTGCATG
ATGIACGGGEC
TAGTAATCAA
CGITACATAA
CCCGCCCATT
GGGACTTTCC
CTTGGCAGTA
TCAATGACGG
TGGGACTTTC
CATGGIGATG
ACTCACGGEEG
TTTTGGCACC
CCCATTGACG
GCAGACGCTCT
ATTAATACGA
AAGCTTGGTA
AGATATCCAG
CCGCTGATCA
GCCCCreece
CTTTCCTAAT
TTCTATTCTG
AAGACAATAG
GCGGAAAGAA
CGGCGCATTA
CACTTGCCAG
CTCGCCACGT
TTTAGGGITC
ATTAGGGTCGA

GACGGTITTTT

TCTTGITCCA
GATTTATAAG
GATTTAACAA
AGGGTGTGGA
TGCATCTCAA
GCAGGCAGAA
CCCGCCCCTA
ATTCTCCGCC
GCCGCCTCTG
AGGCCTAGGC
GATCTGATCA
GGATTGCACG
TGACTGGGCA
TGTCAGCGCA
GCCCTGAATG
GACGGGCGIT
GGGACTGGECT
CACCTTGCTC
GCTGCATACG

CGCCCTTTGA
AACTGGAACA
GGATTTTGCC
AAATTTAACG
AAGICCCCAG
TTAGTCAGCA
GIATGCAAAG
ACTCCGCCCA
CCATGGCCTGA
CCTCTGAGCT
TTTTGCAAAA
AGAGACAGGA
CAGGTTCTCC
CAACAGACAA
GGGEECECCCG
AACTGCAGGA
CCTTGCGCAG
GCTATTGGGC
CTGCCGAGAA
CTTGATCCGG

GATCCCCTAT
AAGCCAGTAT
CGAGCAAAAT
AAGAATCTGC
CAGATATACG
TTACGGGGTC
CTTACGGTAA
GACGTCAATA
ATTGACGICA
CATCAAGTGT
TAAATGGECCC
CTACTTGGCA
CGGTTTTGGEC
ATTTCCAAGT
AAAATCAACG
CAAATGGEGECG
CTGGCTAACT
CTCACTATAG
CCGAGCTCGG
CACAGTGGECG
GCCTCGACTG
CGTGCCTTCC
AAAATGAGGA
GGEEETGEEEG
CAGGCATGCT
CCAGCTGGEGEG
AGCGCGGECGG
CGCCCTAGCG
TCGCCGECTT
CGATTTAGIG
TGGTTCACGT
CGITGGAGTC
ACACTCAACC
GATTTCGGCC
CGAATTAATT
GCTCCCCAGC
ACCAGGTGTG
CATGCATCTC
TCCCGCCCCT
CTAATTTTTT
ATTCCAGAAG
AGCTCCCGGG
TGAGGATCGT
GGCCGCTTGG
TCGGCTGCTC
GITCTTTTTG
CGAGGCAGCG
CTGIGCTCGA
GAAGTGCCGG
AGTATCCATC
CTACCTGCCC

GGI'GCACTCT
CTGCTCCCTG
TTAAGCTACA
TTAGGGTTAG
CGITGACATT
ATTAGTTCAT
ATGGCCCGCC
ATGACGTATG
ATGGGTGGAG
ATCATATGCC
GCCTGGCATT
GITACATCTAC
AGTACATCAA
CTCCACCCCA
GGACTTTCCA
GIAGGCGTGT
AGAGAACCCA
GGAGACCCAA
ATCCACTAGT
GCCGCTCGAG
TGCCTTCTAG
TTGACCCTGG
AATTGCATCG
TGGGGCAGGA
GGGGATGCGG
CTCTAGGGEGEG
GTGIGGTGGT
CCCGCTCCTT
TCCCCGTCAA
CTTTACGGCA
AGTGGGCCAT
CACGITCTTT
CTATCTCGGT
TATTGGTTAA
CTGTGGAATG
AGGCAGAAGT
GAAAGTCCCC
AATTAGICAG
AACTCCGCCC
TTATTTATGC
TAGTGAGGAG
AGCTTGTATA
TTCGCATGAT
GIGGAGAGGC
TGATGCCGCC
TCAAGACCGA
CGCCTATCGT
CGITGICACT
GGCAGGATCT
ATGCCTGATG
ATTCGACCAC

CAGTACAATC
CTTGIGTGIT
ACAAGGCAAG
GCGITTTGCG
GATTATTGAC
AGCCCATATA
TGGCTGACCG
TTCCCATAGT
TATTTACGGT
AAGTACGCCC
ATGCCCAGTA
GTATTAGTCA
TGGGCGTGGA
TTGACGTCAA
AAATGTCGTA
ACGGTGGGAG
CTGCTTACTG
GCTGGCTAGC
CCAGTGTGGT
TCTAGAGGGC
TTGCCAGCCA
AAGGTGCCAC
CATTGICTGA
CAGCAAGGGEG
TGGCCTCTAT
TATCCCCACG
TACGCGCAGC
TCCCTTTCTT
GCTCTAAATC
CCTCGACCCC
CGCCCTGATA
AATAGTGGAC
CTATTCTTTT
AAAATGAGCT
TGTGICAGIT
ATGCAAAGCA
AGGCTCCCCA
CAACCATAGT
AGTTCCGCCC
AGAGGCCGAG
GCTTTTTTGG
TCCATTTTCG
TGAACAAGAT
TATTCGGCTA
GIGITCCGGEC
CCTGICCGGT
GGCTGGCCAC
GAAGCGGGAA
CCTGICATCT
CAATGCGGECG
CAAGCGAAAC



2551
2601
2651
2701
2751
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3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701
4751
4801
4851
4901
4951
5001
5051
5101
5151
5201
5251
5301
5351
5401

ATCGCATCGA
GATGATCTGG
CAGGCTCAAG
GCGATGCCTG
TTCATCGACT
GITGGCTACC
GCTTCCTCGT
TTCTATCGCC
ATGACCGACC
CGCCGCCTTC
GCTGGATGAT
CCCAACTTGT
CACAAATTTC
TGTCCAAACT
AGCTAGAGCT
TTATCCGCTC
AAGCCTGGEGEG
TCACTGCCCG
AATCGGCCAA
CTTCCTCGCT
GITATCAGCTC
TAACGCAGGA
GTAAAAAGGC
GAGCATCACA
ACTATAAAGA
CTGTTCCGAC
GGAAGCGT GG
GTAGGTCGIT
CCGACCCCTG
AGACACGACT
AGCGAGGTAT
ACGGCTACAC
GITACCTTCG
CGCTGGTAGC
AAGGATCTCA
TGGAACGAAA
GATCTTCACC
AAAGTATATA
GAGGCACCTA
ACTCCCCGTC
CCAGTGCTGC
TCAGCAATAA
AACTTTATCC
TAAGTAGITC
GGCATCGTGG
TTCCCAACGA
CGGITAGCTC
GIGITTATCAC
GCCATCCGTA
TCTGAGAATA
CGGGATAATA
AAAACGTTCT
CCAGITCGAT
ACTTTCACCA
AAAAAAGGGA
TTTTTCAATA
TACATATTTG
ATTTCCCCGA

GCGAGCACGT
ACGAAGAGCA
GCGCGCATGC
CTTGCCGAAT
GTGGCCGECT
CGTGATATTG
GCTTTACGGT
TTCTTGACGA
AAGCGACGCC
TATGAAAGGT
CCTCCAGCGC
TTATTGCAGC
ACAAATAAAG
CATCAATGTA
TGGCGTAATC
ACAATTCCAC
TGCCTAATGA
CTTTCCAGTC
CGCGCGGEEEA
CACTGACTCG
ACTCAAAGGC
AAGAACATGT
CGCGTTCCTG
AAAATCGACG
TACCAGGECGT
CCTGCCCCTT
CGCTTTCTCA
CGCTCCAAGC
CGCCTTATCC
TATCGCCACT
GIAGGCGGTG
TAGAAGAACA
GAAAAAGAGT
GGITTTTTTG
AGAAGATCCT
ACTCACGITA
TAGATCCTTT
TGAGTAAACT
TCTCAGCGAT
GTGTAGATAA
AATGATACCG
ACCAGCCAGC
GCCTCCATCC
GCCAGITAAT
TGTCACGCTC
TCAAGGCGAG
CTTCGGTCCT
TCATGGTTAT
AGATGCTTTT
GIGTATGCGG
CCGCGCCACA
TCGGGGCGAA
GIAACCCACT
GCGITTCTGG
ATAAGGGCGA
TTATTGAAGC
AATGTATTTA
AAAGTGCCAC

-189 -

ACTCGGATGG
TCAGGGGECTC
CCGACGGCGA
ATCATGGIGG
GGGTGTGECG
CTGAAGAGCT
ATCGCCGCTC
GITCTTCTGA
CAACCTGCCA
TGGECTTCGG
GGGGATCTCA
TTATAATGGT
CATTTTTTTC
TCTTATCATG
ATGGTCATAG
ACAACATACG
GIGAGCTAAC
GGGAAACCTG
GAGGCGGTTT
CTGCGCTCGG
GGTAATACGG
GAGCAAAAGG
GCGTTTTTCC
CTCAAGTCAG
TTCCCCCTGG
ACCGGATACC
TAGCTCACGC
TGGECTGIGT
GGTAACTATC
GGCAGCAGCC
CTACAGAGIT
GTATTTGGTA
TGGTAGCTCT
TTTGCAAGCA
TTGATCTTTT
AGGGATTTTG
TAAATTAAAA
TGGTCTGACA
CTGICTATTT
CTACGATACG
CGAGACCCAC
CGGAAGGECC
AGTCTATTAA
AGTTTGCGCA
GICGITTGGT
TTACATGATC
CCGATCGTTG
GGCAGCACTG
CTGTGACTGG
CGACCGAGIT
TAGCAGAACT
AACTCTCAAG
CGTGCACCCA
GITGAGCAAAA
CACGGAAATG
ATTTATCAGG
GAAAAATAAA
CTGACGTC

AAGCCGGTCT
GCGCCAGCCG
GGATCTCGTC
AAAATGGECCG
GACCGCTATC
TGGCGGCGAA
CCGATTCGCA
GCGGGACTCT
TCACGAGATT
AATCGITTTC
TGCTGGAGIT
TACAAATAAA
ACTGCATTCT
TCTGTATACC
CTGITTCCTG
AGCCGGAAGC
TCACATTAAT
TCGTGCCAGC
GCGTATTGGG
TCGTTCGGCT
TTATCCACAG
CCAGCAAAAG
ATAGGCTCCG
AGGTIGGCGAA
AAGCTCCCTC
TGTCCCCCTT
TGTAGGTATC
GCACGAACCC
GICTTGAGTC
ACTGGTAACA
CTTGAAGT GG
TCTGCGCTCT
TGATCCGGCA
GCAGATTACG
CTACGGGGTC
GTCATGAGAT
ATGAAGITTT
GTTACCAATG
CGITCATCCA
GGAGGCCTTA
GCTCACCGGEC
GAGCGCAGAA
TTGITGCCGG
ACGTTGITGC
ATGCCTTCAT
CCCCATGTTG
TCAGAAGTAA
CATAATTCTC
TGAGTACTCA
GCTCTTGCCC
TTAAAAGTGC
GATCTTACCG
ACTGATCTTC
ACAGGAAGCEC
TTGAATACTC
GITATTGICT
CAAATAGGEGEG

TGTCGATCAG
AACTGITCGC
GI'GACCCATG
CTTTTCTGGA
AGGACATAGC
TGGGECTGACC
GCGCATCGCC
GGGGTTCGAA
TCGATTCCAC
CGGGACGCCG
CTTCGCCCAC
GCAATAGCAT
AGITGTGGIT
GICGACCTCT
TGTGAAATTG
ATAAAGTGTA
TGCGTTGCGC
TGCATTAATG
CGCTCTTCCG
GCGGECGAGCG
AATCAGGGGA
GCCAGGAACC
CCCCCCTGAC
ACCCGACAGG
GIGCGCTCTC
TCTCCCTTCG
TCAGITCGGT
CCCGTTCAGC
CAACCCGGTA
GGATTAGCAG
TGGCCTAACT
GCTGAAGCCA
AACAAACCAC
CGCAGAAAAA
TGACGCTCAG
TATCAAAAAG
AAATCAATCT
CTTAATCAGT
TAGTTGCCTG
CCATCTGGCC
TCCAGATTTA
GIGGTCCTGC
GAAGCTAGAG
CATTGCTACA
TCAGCTCCGG
TGCAAAAAAG
GITGGCCGCA
TTACTGTCAT
ACCAAGTCAT
GGCGTCAATA
TCATCATTGG
CTGITGAGAT
AGCATCTTTT
AAAATGCCGC
ATACTCTTCC
CATGAGCGGA
TTCCGCGCAC



7.1.2 BIN1 insert sequence

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851

GAGACCCAAG
ATGGGCAGCA
GAAGCTGACC
ACGAGACAAA
CAGCTGACCG
CAGCGTGAAG
AAGAAGTGTA
GCCGAGAACA
CCAGGCCCTG
AGAGCCGGAT
AGACACCACT
GATTGCCAAG
AGGGCAAGCT
CAGGCCGAGG
CGTGGACCTG
TCTACGTGAA
AAAGAGATGA
GGAAAAGCAG
ACAACGCCCC
CCTGCCGCCA
CGGAGCCACA
AGGGCCCTCC
AAGCAAGAAC
CTCCGTGACC
AGGCCTCCCT
CCTGTGAAGG
GGAGCCTACC
CCGCCGAGGG
GGACCTGCTC
TGCCGCTGEC
CTTCTAGCCT
GGCACCGTGG
CTTCATGITT
ACGAGCTGCA
AACCCCGAGG
CTGGAACCAG
ACTTCACCGA
TCAGCCTC

CTGGCTAGCG
AGGGCGTGAC
AGAGCCCAAG
GGACGAGCAG
AGGGCACCCG
GCCATGCACG
CGAGCCCGAC
ACGACCTGCT
CTGACCATGG
CGCCAAGCGG
ACGAGAGCCT
CCCGTGrCCC
GCAGGCCCAT
AAGAACTGAT
CAAGAAGAAC
CACCTTCCAG
GCAAGCTGAA
CACGGCAGCA
TGCCAAGGEC
CCCCCGAGAT
CCTGGCGCCA
CGrGaCeceecr
AGATCCTGAG
ACCCCCAGCC
GCTGGACCTG
CCCCTACCCC
GAGAGCCCAG
CACATTCGCC
AGCCTGCCGA
GCTCAAGAAC
GCCTGCCGTG
AAGGCGGATC
AAGGTGCAGG
GCTGAAAGCC
AACAGGACGA
CACAAAGAAC
GCGEGTGCCC
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TTTAAACTTA
CGCCGGCAAG
AAAAGGT GCT
TTCGAGCAGT
GCTGCAGAAG
AGGCCAGCAA
TGGCCCGGECA
GIGGATGGAC
ACACATACCT
GGACGGAAGC
GCAGACCGCC
TGCTGGAAAA
CTGGTGGCCC
CAAGGCCCAG
TGCCCAGCCT
TCTATCGCCG
CCAGAACCTG
ACACCTTTAC
AACAAGAGCC
CAGAGTGAAC
CACTGCCTAA
CCACCCAAGC
CCTGITCGAG
AGTTTGAGGC
GACTTCGACC
CAGCGGCCAG
CCGECTCTCT
GIGTCCTGGEC
GCCTTCTGAA
CTGGCGAGAC
GIGGTGGAAA
TGGCGCCGCGA
CCCAGCACGA
GGCGACGT GG
GGGCTGECTG
TGGAAAAGT G
TAATCTAGAG

AGCTTGCCAC
ATCGCCAGCA
GCAGAAGCTG
GCGTGCAGAA
GACCTGAGAA
GAAACTGAAC
GGGATGAGGC
TACCACCAGA
GGGCCAGTTC
TGGTGGACTA
AAGAAGAAGG
GGECCGCTCCC
AGACCAACCT
AAAGTGITCG
TTGGAACAGC
GCCTGGAAGA
AACGACGTGC
CGTGAAGGECC
CCAGCCCTCC
CACGAGCCTG
GAGCCCCTCC
ACACCCCTAG
GACACCTTCG
CCCTGECCCT
CCCTGCCece
AGCATCCCCT
GCCTTCTGGEC
CTAGCCAGAC
GIrGGECTGECG
AGCCGCCTCT
CCTTCCCCGC
AGGCTGGATC
CTACACCGCC
TGCTGGTGAT
ATGGGECGTGA
CAGAGCCGTG
GGCCCGITTA

CATGGCCGAG
ACGTGCAGAA
GGCAAGGCCG
CTTCAACAAG
CCTACCTGGEC
GAGITGCCTGC
CAACAAGATC
AACTGGTGGA
CCCGACATCA
CGACAGCGCC
ACGAGGCCAA
CAGITGGTGCC
GCTGCGGAAC
AAGAGATGAA
AGAGT GGCECT
GAACTTCCAC
TGGTCGGACT
CAGCCCAGCG
TGATGGCAGC
AGCCAGCCGG
CAGCTGAGAA
CAAAGAAGTG
TGCCCGAGAT
TTCAGCGAGC
TGTGACCAGC
GCGATCTGIG
GAGCCTAGTIG
AGCCGAGCCT
GCACACAGCC
GAGGCCGCCT
CACCGTGAAC
TGCCTCCCCG
ACCGACACCG
CCCATTCCAG
AAGAGAGCGA
TTCCCCGAGA
AACCCGCTGA

7.1.3 pcDNA3.1(+)-BIN1 (pcDNAS3.1(+) with a BIN1 insert)

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951

GACGGATCGG
TGCTCTGATG
GGAGGTCGCT
GCTTGACCGA
CTGCTTCGCG
TAGITATTAA
TGGAGTTCCG
CCCAACGACC
AACGCCAATA
AAACTGCCCA
CCTATTGACG
CATGACCTTA
TCGCTATTAC
TAGCGGTTTG
TGGGAGITTG
ACAACTCCGC
GICTATATAA
GCTTATCGAA
GITTAAACTT
CCGCCGGCAA

GAGATCTCCC
CCGCATAGTIT
GAGTAGTGCG
CAATTGCATG
ATGIACGGGEC
TAGTAATCAA
CGITACATAA
CCCGCCCATT
GGGACTTTCC
CTTGGCAGTA
TCAATGACGG
TGGGACTTTC
CATGGIGATG
ACTCACGGEEG
TTTTGGCACC
CCCATTGACG
GCAGAGCTCT
ATTAATACGA
AAGCTTGCCA
GATCGCCAGC

GATCCCCTAT
AAGCCAGTAT
CGAGCAAAAT
AAGAATCTGC
CAGATATACG
TTACGGGEGTC
CTTACGGTAA
GACGTCAATA
ATTGACGICA
CATCAAGTGT
TAAATGGECCC
CTACTTGGCA
CGGTTTTGGEC
ATTTCCAAGT
AAAATCAACG
CAAATGGGECG
CTGGCTAACT
CTCACTATAG
CCATGGCCGA
AACGTGCAGA

GGIGCACTCT
CTGCTCCCTG
TTAAGCTACA
TTAGGGTTAG
CGITGACATT
ATTAGTTCAT
ATGGCCCGCC
ATGACGTATG
ATGGGTGGAG
ATCATATGCC
GCCTGGCATT
GTACATCTAC
AGTACATCAA
CTCCACCCCA
GGACTTTCCA
GIrAGGCGTGTI
AGAGAACCCA
GGAGACCCAA
GATGGGCAGC
AGAACCTGAC

CAGTACAATC
CTTGIGIGIT
ACAAGGCAAG
GCGITTTGCG
GATTATTGAC
AGCCCATATA
TGGCTGACCG
TTCCCATAGT
TATTTACGGT
AAGTACGCCC
ATGCCCAGTA
GTATTAGTCA
TGGGCGTGGA
TTGACGTCAA
AAATGTCGTA
ACGGTGGGAG
CTGCTTACTG
GCTGGCTAGC
AAGGCCGTGA
CAGAGCCCAA



1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101

GAAAAGGTGC
GITCGAGCAG
GGCTGCAGAA
GAGGCCAGCA
CTGGECCCGEC
TGTGGATGGA
GACACATACC
GGGACGGAAG
TGCAGACCGC
CTGCTGGAAA
TCTGGTGGECC
TCAAGGCCCA
CTGCCCAGCC
GTCTATCGCC
ACCAGAACCT
AACACCTTTA
CAACAAGAGC
TCAGAGTGAA
ACACTGCCTA
TCCACCCAAG
GCCTGITCGA
CAGITTGAGG
GGACTTCGAC
CCAGCGGCCA
GCCGECTCTC
CGIGTCCTGG
AGGCTTCTGA
CCTGGCGAGA
GGIGGTGGAA
CTGGECGCCGG
GCCCAGCACG
CGCGCGACGTG
AGGCCTGGECT
CTGGAAAAGT
CTAATCTAGA
CTGGAAGGTG
ATCGCATTGT
AGGACAGCAA
GCGGTGGECT
GGGGTATCCC
TGGTTACGCG
CCTTTCGCTT
TCAAGCTCTA
GGCACCTCGA
CCATCGCCCT
CTTTAATAGT
CGGICTATTC
TTAAAAAATG
AATGTGTGIC
AAGTATGCAA
CCCCAGGCTC
TCAGCAACCA
GCCCAGITCC
ATGCAGAGGC
GGAGGCTTTT
TATATCCATT
TGATTGAACA
AGGCTATTCG
CGCCGIGTITC
CCGACCTGIC
TCGIGECTGG
CACTGAAGCG

TGCAGAAGCT
TGCGIGCAGA
GGACCTGAGA
AGAAACTGAA
AGGGATGAGG
CTACCACCAG
TGGGCCAGIT
CTGGTGGACT
CAAGAAGAAG
AGGCCGCTCC
CAGACCAACC
GAAAGTGTTC
TTTGGAACAG
GGCCTGGAAG
GAACGACGTG
CCGTGAAGGC
CCCAGCCCTC
CCACGAGCCT
AGAGCCCCTC
CACACCCCTA
GGACACCTTC
CCCCTGGCCC
CCCcCcTaCeece
GAGCATCCCC
TGCCTTCTGG
CCTAGCCAGA
AGTGGCTGEC
CAGCCGCCTC
ACCTTCCCCG
AAGCCTGGAT
ACTACACCGC
GIGCTGGTGA
GATGGCECGTG
GCAGAGGECGT
GGGCCCGTTT
CCACTCCCAC
CTGAGTAGGT
GGGGGAGGAT
CTATGCCTTC
CACGCGCCCT
CAGCGTGACC
TCTTCCCTTC
AATCGGEEEC
CCCCAAAAAA
GATAGACGGT
GGACTCTTGT
TTTTGATTTA
AGCTGATTTA
AGITAGGGTG
AGCATGCATC
CCCAGCAGGC
TAGTCCCGCC
GCCCATTCTC
CGAGGCCGCC
TTGGAGGECCT
TTCGGATCTG
AGATGGATTG
GCTATGACTG
CGCCTGICAG
CGGTGCCCTG
CCACGACGGG
GGAAGGGACT
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GGGCAAGGCC
ACTTCAACAA
ACCTACCTGG
CGAGTGCCTG
CCAACAAGAT
AAACTGGT GG
CCCCGACATC
ACGACAGCGC
GACGAGGCCA
CCAGIGGTGC
TGCTGCGGAA
GAAGAGATGA
CAGAGTGGGEC
AGAACTTCCA
CTGGTCGGAC
CCAGCCCAGC
CTGATGGCAG
GAGCCAGCCG
CCAGCTGAGA
GCAAAGAAGT
GTGCCCGAGA
TTTCAGCGAG
CTGTGACCAG
TGGGATCTGT
CGAGCCTAGT
CAGCCGAGCC
GGCACACAGC
TGAGGCCGCC
CCACCGTGAA
CTGCCTCCCG
CACCGACACC
TCCCATTCCA
AAAGAGAGCG
GITCCCCGAG
AAACCCGCTG
TGTCCTTTCC
GICATTCTAT
TGGGAAGACA
TGAGGCGGAA
GTAGCGGCGC
GCTACACTTG
CTTTCTCGCC
TCCCTTTAGG
CTTGATTAGG
TTTTCGCCCT
TCCAAACTGG
TAAGGGATTT
ACAAAAATTT
TGGAAAGTCC
TCAATTAGIC
AGAAGTATGC
CCTAACTCCG
CGCCCCATGG
TCTGCCTCTG
AGGCTTTTGC
ATCAAGAGAC
CACGCAGGTIT
GGCACAACAG
CGCAGGEGECG
AATGAACTGC
CGITCCTTGC
GCCTGCTATT

GACGAGACAA
GCAGCTGACC
CCAGCGTGAA
CAAGAAGTGT
CGCCGAGAAC
ACCAGGCCCT
AAGAGCCGCGA
CAGACACCAC
AGATTGCCAA
CAGGGCAAGC
CCAGGCCGAG
ACGTGGACCT
TTCTACGTCGA
CAAAGAGATG
TGGAAAAGCA
GACAACGCCC
CCCTGCCGCC
GCGGAGCCAC
AAGGGCCCTC
GAAGCAAGAA
TCTCCGTGAC
CAGGCCTCCC
CCCTGIGAAG
GGGAGCCTAC
GCCGCCGAGG
TGGACCTGCT
CTGCCCCTGG
TCTTCTAGCC
CGGCACCGTG
GCTTCATGIT
GACGAGCTGC
GAACCCCGAG
ACTGGAACCA
AACTTCACCG
ATCAGCCTCG
TAATAAAATG
TCTGEEEGEGET
ATAGCAGGCA
AGAACCAGCT
ATTAAGCGCG
CCAGCGCCCT
ACGITCGCCG
GITCCGATTT
GTGATGGTTC
TTGACGTTGG
AACAACACTC
TGCCGATTTC
AACGCGAATT
CCAGGCTCCC
AGCAACCAGG
AAAGCATGCA
CCCATCCCGC
CTGACTAATT
AGCTATTCCA
AAAAAGCTCC
AGGATGAGGA
CTCCGECCEC
ACAATCGGCT
CCCGGITCTT
AGGACGAGGEC
GCAGCTGIGC
GGCCGAAGTG

AGGACGAGCA
GAGGGCACCC
GGCCATGCAC
ACGAGCCCGA
AACGACCTGC
GCTGACCATG
TCGCCAAGCG
TACGAGAGCC
GCCCGTGrCC
TGCAGGCCCA
GAAGAACTGA
GCAAGAAGAA
ACACCTTCCA
AGCAAGCTGA
GCACGGCAGC
CTGCCAAGGG
ACCCCCGAGA
ACCTGGECGCC
CCGTGCCCCC
CAGATCCTGA
CACCCCCAGC
TGCTGGACCT
GCCCCTACCC
CGAGAGCCCA
GCACATTCGC
CAGCCTGCCG
CGCTCAAGAA
TGCCTGCCGT
GAAGGCGGAT
TAAGGTGCAG
AGCTGAAAGC
GAACAGGACG
GCACAAAGAA
AGCGGGTGCC
ACTGTGCCTT
AGGAAATTGC
GGGGTGEEEC
TGCTGGGGAT
GGGCCTCTAG
GCGGGTGTGG
AGCGCCCGCT
GCTTTCCCCG
AGTGCTTTAC
ACGTAGT GGG
AGTCCACGIT
AACCCTATCT
GGCCTATTGG
AATTCTGIGG
CAGCAGGCAG
TGTGGAAAGT
TCTCAATTAG
CCCTAACTCC
TTTTTTATTT
GAAGTAGTGA
CGGGACGCTTG
TCGITTCGCA
TTGGGTGGAG
GCTCTGATGC
TTTGTCAAGA
AGCGCGGCTA
TCGACGTTGT
CCGGEGGECAGG



4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701
4751
4801
4851
4901
4951
5001
5051
5101
5151
5201
5251
5301
5351
5401
5451
5501
5551
5601
5651
5701
5751
5801
5851
5901
5951
6001
6051
6101
6151
6201
6251
6301
6351
6401
6451
6501
6551
6601
6651
6701
6751
6801
6851
6901
6951
7001
7051
7101

ATCTCCTGIC
GATGCAATGC
CCACCAAGCG
GICTTGICGA
GCCGAACTGT
CGICGTGACC
GCCCCTTTTC
TATCAGGACA
CGAATGGGECT
CGCAGCGCAT
CTCTGGGGIT
GATTTCGATT
TTTCCGGGAC
AGITCTTCGC
TAAAGCAATA
TTCTAGTTGT
TACCGTCGAC
CCTGTGTGAA
AAGCATAAAG
TAATTGCGIT
CAGCTGCATT
TGGGCGCTCT
GGCTGCEECG
ACAGAATCAG
AAAGGCCAGG
TCCGCCCCCC
CGAAACCCGA
CCTCGTGCGC
CCTTTCTCCC
TATCTCAGIT
ACCCCCCGIT
AGTCCAACCC
AACAGGATTA
GIGGTGGECCT
CTCTGCTGAA
GGCAAACAAA
TACGCGCAGA
GGICTGACGC
AGATTATCAA
TTTTAAATCA
AATGCTTAAT
TCCATAGITG
CTTACCATCT
CGGCTCCAGA
AGAAGTGGTC
CCGGGAAGCT
TTGCCATTGC
TCATTCAGCT
GITGTGCAAA
GTAAGITGGC
TCTCTTACTG
CTCAACCAAG
GCCCGECGTC
GIGCTCATCA
ACCCCTGITG
CTTCAGCATC
AGGCAAAATG
ACTCATACTC
GICTCATGAG
GGGGTTCCGC

ATCTCACCTT
GGCGGECTGCA
AAACATCGCA
TCAGGATGAT
TCGCCAGGCT
CATGGCGATG
TGGATTCATC
TAGCGTTGEC
GACCGCTTCC
CGCCTTCTAT
CGAAATGACC

ATTGITATCC
TGTAAAGCCT
GCGCTCACTG
AATGAATCGG
TCCGCTTCCT
AGCGGTATCA
GGGATAACGC
AACCGTAAAA
TGACGAGCAT
CAGGACTATA
TCTCCTGITC
TTCGGGAAGC
CGGIGTAGGT
CAGCCCGACC
GGTAAGACAC
GCAGAGCGAG
AACTACGCCT
GCCAGITACC
CCACCGCTGG
AAAAAAGGAT
TCAGTGGAAC
AAAGGATCTT
ATCTAAAGTA
CAGIGAGGCA
CCTGACTCCC
GGCCCCAGTG
TTTATCAGCA
CTGCAACTTT
AGAGTAAGTA
TACAGGCATC
CCGGTTCCCA
AAAGCGGTTA
CGCAGIGITA
TCATGCCATC
TCATTCTGAG
AATACGGGAT
TTGGAAAACG
AGATCCAGIT
TTTTACTTTC
CCGCAAAAAA
TTCCTTTTTC
CGGATACATA
GCACATTTCC

-192 -

GCTCCTGCCG
TACGCTTGAT
TCGAGCGAGC
CTGGACGAAG
CAAGGCGCGC
CCTGCTTGCC
GACTGIGGECC
TACCCGTGAT
TCGTGCTTTA
CGCCTTCTTG
GACCAAGCGA
CTTCTATGAA
TGATCCTCCA
TTGITTATTG
TTTCACAAAT
AACTCATCAA
AGCTTGGECGT
GCTCACAATT
GGGGTGCCTA
CCCECTTTCC
CCAACGCGCG
CGCTCACTGA
GCTCACTCAA
AGGAAAGAAC
AGGCCGCGTT
CACAAAAATC
AAGATACCAG
CGACCCTGECC
GIGGCCCTTT
CGITCGCTCC
GCTGCGCCTT
GACTTATCGC
GTATGTAGGEC
ACACTAGAAG
TTCGGAAAAA
TAGCGGTTTT
CTCAAGAAGA
GAAAACTCAC
CACCTAGATC
TATATGAGTA
CCTATCTCAG
CGTCGIGTAG
CTGCAATGAT
ATAAACCAGC
ATCCGCCTCC
GITCGCCAGT
GIGGTGTCAC
ACGATCAAGG
GCTCCTTCGG
TCACTCATGG
CGTAAGATGC
AATAGTGTAT
AATACCGCGC
TTCTTCGGGEG
CGATGTAACC
ACCACCGITT
GGGAATAAGG
AATATTATTG
TTTGAATGTA
CCGAAAAGT G

AGAAAGTATC
CCGGCTACCT
ACGTACTCGG
AGCATCAGGG
ATGCCCGACG
GAATATCATG
GGCTGEGTGT
ATTGCTGAAG
CGGTATCGCC
ACGAGTTCTT
CGCCCAACCT
AGGTTGGGECT
GCGCGGGGAT
CAGCTTATAA
AAAGCATTTT
TGTATCTTAT
AATCATGGTC
CCACACAACA
ATGAGTGAGC
AGTCGGGAAA
GGGAGAGECG
CTCGCTGCGC
AGGCGGTAAT
ATGIGAGCAA
GCTGGECGTTT
GACGCTCAAG
GCGITTCCCC
GCTTACCGGA
CTCATAGCTC
AAGCTGGGECT
ATCCGGTAAC
CACTGGCAGC
GGIGCTACAG
AACAGTATTT
GAGITGGTAG
TTTGTTTGCA
TCCTTTGATC
GTTAAGGGAT
CTTTTAAATT
AACTTGGTCT
CGATCTGTCT
ATAACTACGA
ACCGCGAGAC
CAGCCGGAAG
ATCCAGTCTA
TAATAGTTTG
GCTCGICGTT
CGAGTTACAT
TCCTCCGATC
TTATGGCAGC
TTTTCTGTGA
GCGGCGACCG
CACATAGCAG
CGAAAACTCT
CACTCGIGCA
CTGGGTGAGC
GCGACACGGA
AAGCATTTAT
TTTAGAAAAA
CCACCTGACG

CATCATGGCT
GCCCATTCGA
ATGGAAGCCG
GCTCGCGCCA
GCGAGGATCT
GIGGAAAATG
GGCGGACCGC
AGCTTGGECGG
GCTCCCGATT
CTGAGCGGERA
GCCATCACGA
TCGGAATCGT
CTCATCCTGG
TGGTTACAAA
TTTCACTGCA
CATGICTGTA
ATAGCTGITT
TACGAGCCGG
TAACTCACAT
CCTGICGTGC
GITTGCGTAT
TCGGTCGITC
ACGGITATCC
AAGGCCAGCA
TTCCATAGGC
TCAGAGGT GG
CTGGAAGCTC
TACCTGTCCG
ACGCTGTAGG
GI'GTGCACGA
TATCGICTTG
AGCCACTGGT
AGITCTTGAA
GGTATCTGCG
CTCTTGATCC
AGCAGCAGAT
TTTTCTACGG
TTTGGTCATG
AAAAATGAAG
GACAGITACC
ATTTCGITCA
TACGGGAGGEG
CCACGCTCAC
GGCCGAGCGC
TTAATTGITG
CGCAACGTTG
TGGTATGGECT
GATCCCCCAT
GITGTCAGAA
ACTGCATAAT
CTGGTGAGTA
AGITGCTCTT
AACTTTAAAA
CAAGGATCTT
CCCAACTGAT
AAAAACAGGA
AATGTTGAAT
CAGGGITATT
TAAACAAATA
TC



-193 -

7.1.4 Empty pIRESneo sequence

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951

GACGGATCGG
TGCTCTGATG
GGAGGTCGCT
GCTTGACCGA
CTGCTTCGCG
TAGTTATTAA
TGGAGITCCG
CCCAACGACC
AACGCCAATA
AAACTGCCCA
CCTATTGACG
CATGACCTTA
TCGCTATTAC
TAGCGGITTG
TGGGAGTTTG
ACAACTCCGC
GICTATATAA
GCTTATCGAA
GAGCTCGGAT
TAGTAACGGC
GCTGITGGEGEG
AGATTGICAG
GGTGATGCCT
TTTTGITGIC
TGAGTGACAA
CAGGTCCAAC
TCTCCCTCCC
CCGGTGTGCG
GCAATGTGAG
AGGGGTCTTT
GAAGGAAGCA
CGACCCTTTG
GGCCAAAAGC
GIGCCACGIT
CAAGCGTATT
ATGGGATCTG
GAGGTTAAAA
TTTGAAAAAC
CCAATATGGEG
GCCCCTTGEG
CGGECTGCTCT
TTCTTTTTGT
GAGGCAGCGC
GI'GCTCGACC
AAGT GCCGCGEG
GTATCCATCA
TACCTGCCCA
CTCGGATGGA
CAGGGGECTCG
CGACGGCGAT
TCATGGTGGA
GGIGTGGCGG
TGAAGAGCTT
TCGCCGCTCC
TTCTTCTGAG
GCCTTCTAGT
TGACCCTGGA
ATTGCATCGC
GGGGECAGGAC
GGGATGCGGT

GAGATCTCCC
CCGCATAGIT
GAGTAGTGCG
CAATTGCATG
ATGTACGGEC
TAGTAATCAA
CGITACATAA
CCCGCCCATT
GGGACTTTCC
CTTGGCAGTA
TCAATGACGG
TGGGACTTTC
CATGGTGATG
ACTCACGGEGG
TTTTGGCACC
CCCATTGACG
GCAGAGCTCT
ATTAATACGA
CGATATCTGC
CGCCAGIGIG
TGAGTACTCC
TTTCCAAAAA
TTGAGGGTGG
AAGCTTGAGG
TGACATCCAC
TGCAGGTCGA
CCCCCCCTAA
TTTGICTATA
GGCCCGGAAA
CCCCTCTCGC
GITCCTCTGG
CAGGCAGCGG
CACGTGTATA
GIGAGITGGA
CAACAAGGEGEG
ATCTGGEEECC
AAACGTCTAG
ACGATGATAA
ATCGGCCATT
TGGAGAGGCT
GATGCCGCCG
CAAGACCGAC
GGCTATCGTG
GITGICACTG
GCAGGATCTC
TGGCTGATGC
TTCGACCACC
AGCCGGTICTT
CGCCAGCCGA
GATCTCGTCG
AAATGGECCGC
ACCGCTATCA
GGCGGCGAAT
CGATTCGCAG
GGGATCAATT
TGCCAGCCAT
AGGTGCCACT
ATTGICTGAG
AGCAAGGEEEG
GGCCTCTATG

GATCCCCTAT
AAGCCAGTAT
CGAGCAAAAT
AAGAATCTGC
CAGATATACG
TTACGGGGTC
CTTACGGTAA
GACGTCAATA
ATTGACGTCA
CATCAAGTGT
TAAATGGECCC
CTACTTGGCA
CGGITTTGEC
ATTTCCAAGT
AAAATCAACG
CAAATGGGECG
CTGGCTAACT
CTCACTATAG
GGCCCCGTCG
CTGGAATTAA
CTCTCAAAAG
CGAGGAGGAT
CCGCGTCCAT
TGTGGCAGGC
TTTGCCTTTC
GCATGCATCT
CGITACTGGC
TGTGATTTTC
CCTGGECCCTG
CAAAGGAATG
AAGCTTCTTG
AACCCCCCAC
AGATACACCT
TAGITGTGGA
CTGAAGGATG
TCGGTGCACA
GCCCCCCGAA
GCTTGCCACA
GAACAAGATG
ATTCGGCTAT
TGITCCGGECT
CTGTCCGGTG
GCTGGCCACG
AAGCGGGAAG
CTGTCATCTC
AATGCGGECGG
AAGCGAAACA
GICGATCAGG
ACTGTTCGCC
TGACCCATGG
TTTTCTGGAT
GGACATAGCG
GGGCTGACCG
CGCATCGCCT
CTCTAGAGCT
CTGITGITTG
CCCACTGTCC
TAGGTGTCAT
AGGATTGGGA
GCTTCTGAGG

GGICGACTCT
CTGCTCCCTG
TTAAGCTACA
TTAGGGTTAG
CGITGACATT
ATTAGTTCAT
ATGGECCCGCC
ATGACGTATG
ATGGGTGGAC
ATCATATGCC
GCCTGGCATT
GTACATCTAC
AGTACATCAA
CTCCACCCCA
GGACTTTCCA
GTAGGCGTGT
AGAGAACCCA
GGAGACCCAA
ACGGAATTCA
TTCGCTGICT
CGGGCATGAC
TTGATATTCA
CTGGTCAGAA
TTGAGATCTG
TCTCCACAGG
AGGGCGGCCA
CGAAGCCGECT
CACCATATTG
TCTTCTTGAC
CAAGGTCTGT
AAGACAAACA
CTGGCGACAG
GCAAAGGCGG
AAGAGTCAAA
CCCAGAAGGT
TGCTTTACAT
CCACGGGGAC
ACCCGGGATA
GATTGCACGC
GACTGGGCAC
GTCAGCGCAG
CCCTGAATGA
ACGGGECGITC
GGACTGCECTG
ACCTTGCTCC
CTGCATACGC
TCGCATCGAG
ATGATCTGGA
AGGCTCAAGG
CGATGCCTGC
TCATCGACTG
TTGGCTACCC
CTTCCTCGTG
TCTATCGCCT
CCCTGATCAG
Ccccrecece
TTTCCTAATA
TCTATTCTGG
AGACAATAGC
CGGAAAGAAC

CAGTACAATC
CTTGIGIGIT
ACAAGGCAAG
GCGTTTTGCG
GATTATTGAC
AGCCCATATA
TGGECTGACCG
TTCCCATAGT
TATTTACGGT
AAGTACGCCC
ATGCCCAGTA
GTATTAGTCA
TGGGCGTGGA
TTGACGTCAA
AAATGTCGTA
ACGGTGGGAG
CTGCTTACTG
GCTTGGTACC
GI'GGATCCAC
GCGAGGGCCA
TTCTGCGCTA
CCTGGECCCGC
AAGACAATCT
GCCATACACT
TGTCCACTCC
ATTCCGCCCC
TGGAATAAGG
CCGTCTTTTG
GAGCATTCCT
TGAATGTCGT
ACGICTGTAG
GIGCCTCTGC
CACAACCCCA
TGGECTCTCCT
ACCCCATTGT
GIGITTAGIC
GIGGTTTTCC
ATTCCTGCAG
AGGTTCTCCG
AACAGACAAT
GGGECECCCGG
ACTGCAGGAC
CTTGCGCAGC
CTATTGGGECG
TGCCGAGAAA
TTGATCCGGC
CGAGCACGTA
CGAAGAGCAT
CGCGCATGCC
TTGCCGAATA
TGGCCGECTG
GIGATATTGC
CTTTACGGTA
TCTTGACGAG
CCTCGACTGT
GIGCCTTCCT
AAATGAGGAA
GGGGTGEGEGET
AGGCATGCTG
CAGCTGGEGEGEC



3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701
4751
4801
4851
4901
4951
5001
5051

TCGAGTGCAT
ATGICTGTAT
TAGCTGITTC
ACGAGCCGGA
AACTCACATT
CTGICGTGCC
TTTGCGTATT
CGGTCGTTCG
CGGITATCCA
AGGCCAGCAA
TCCATAGGCT
CAGAGGTGGEC
TGGAAGCTCC
ACCTGTCCGC
CCCTGTAGGT
TGTGCACGAA
ATCGTCTTGA
GCCACTGGTA
GITCTTGAAG
GTATCTGCGC
TCTTGATCCG
CAAGCAGCAG
TCTTTTCTAC
ATTTTGGICA
TTAAAAATGA
CTGACAGTTA
CTATTTCGIT
GATACGGGAG
ACCCACGCTC
AGGGCCGAGC
TATTAATTGT
TGCGCAACGT
TTTGGTATGG
ATGATCCCCC
TCGITGICAG
GCACTGCATA
GACTGGTGAG
CGAGITGCTC
AGAACTTTAA
CTCAAGGATC
CACCCAACTG
GCAAAAACAG
GAAATGTTGA
ATCAGGGITA
AATAAACAAA
CGIC

TCTAGITGIG
ACCGTCGACC
CTGIGTGAAA
AGCATAAAGT
AATTGCGITG
AGCTGCATTA
GGGCGCTCTT
GCTGCGGCGA
CAGAATCAGG
AAGGCCAGGA
CCaGCeeeeeT
GAAACCCGAC
CTCGTGCGCT
CTTTCTCCCT
ATCTCAGITC
CCCCCCGTTC
GTCCAACCCG
ACAGGATTAG
TGGTGGCCTA
TCTGCTGAAG
GCAAACAAAC
ATTACGCGCA
GGGGTCTGAC
TGAGATTATC
AGTTTTAAAT
CCAATGCTTA
CATCCATAGT
GGCTTACCAT
ACCGGCTCCA
GCAGAAGT GG
TGCCGGGAAG
TGTTGCCATT
CTTCATTCAG
ATGITGTGCA
AAGTAAGITG
ATTCTCTTAC
TACTCAACCA
TTGCCCGECG
AAGTGCTCAT
TTACCGCTGT
ATCTTCAGCA
GAAGGCAAAA
ATACTCATAC
TTGICTCATG
TAGGGGTTCC
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GITTGICCAA
TCTAGCTAGA
TTGTTATCCG
GITAAAGCCTG
CGCTCACTGC
ATGAATCGGC
CCCCTTCCTC
GCGGTATCAG
GGATAACGCA
ACCGTAAAAA
GACGAGCATC
AGGACTATAA
CTCCTGITCC
TCGGGAAGCG
GGTGTAGGTC
AGCCCGACCG
GTAAGACACG
CAGAGCGAGG
ACTACGGCTA
CCAGITACCT
CACCGCTGGT
GAAAAAAAGG
GCTCAGTGGA
AAAAAGGATC
CAATCTAAAG
ATCAGTGAGG
TGCCTGACTC
CTGGCCCCAG
GATTTATCAG
TCCTGCAACT
CTAGAGTAAG
GCTACAGGCA
CTCCGGTTCC
AAAAAGCGGT
GCCGCAGTGT
TGTCATGCCA
AGTCATTCTG
TCAATACGGG
CATTGGAAAA
TGAGATCCAG
TCTTTTACTT
TGCCGCAAAA
TCTTCCTTTT
AGCGGATACA
GCGCACATTT

ACTCATCAAT
GCTTGGCGTA
CTCACAATTC
GGGTGCCTAA
CCGCTTTCCA
CAACGCGCGG
GCTCACTGAC
CTCACTCAAA
GGAAAGAACA
GGECCCCGITG
ACAAAAATCG
AGATACCAGG
GACCCTGCCG
TGGCGCTTTC
GITCGCTCCA
CTGCGCCTTA
ACTTATCGCC
TATGTAGGCG
CACTAGAAGG
TCGGAAAAAG
AGCGGTGGTT
ATCTCAAGAA
ACGAAAACTC
TTCACCTAGA
TATATATGAG
CACCTATCTC
CCCGTCGTGT
TGCTGCAATG
CAATAAACCA
TTATCCGCCT
TAGTTCGCCA
TCGTGGTGIC
CAACGATCAA
TAGCTCCTTC
TATCACTCAT
TCCGTAAGAT
AGAATAGTGT
ATAATACCGC
CGITCTTCGG
TTCGATGTAA
TCACCAGCGT
AAGGGAATAA
TCAATATTAT
TATTTGAATG
CCCCGAAAAG

GTATCTTATC
ATCATGGICA
CACACAACAT
TGAGTGAGCT
GICGGGAAAC
GGAGAGGCGG
TCGCTGCGCT
GGCGGTAATA
TGTGAGCAAA
CTGECGTTTT
ACGCTCAAGT
CGITTCCCCC
CTTACCGGAT
TCAATGCTCA
AGCTGGEECTG
TCCGGTAACT
ACTGGCAGCA
GIGCTACAGA
ACAGTATTTG
AGTTGGTAGC
TTTTTGITTG
GATCCTTTGA
ACGITAAGGG
TCCTTTTAAA
TAAACTTGGT
AGCGATCTGT
AGATAACTAC
ATACCGCGAG
GCCAGCCGGA
CCATCCAGTC
GITAATAGIT
ACGCTCGICG
GGCGAGTTAC
GGTCCTCCGA
GGITATGGCA
GCTTTTCTGT
ATGCGGCGAC
GCCACATAGC
GGCGAAAACT
CCCACTCGTG
TTCTGGGTGA
GGGCGACACG
TGAAGCATTT
TATTTAGAAA
TGCCACCTGA
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7.1.5 Contactin 5 insert sequence
ATGGCTTCC TCTTGGAAAC TAATGCTGIT TCTGTCAGTC ACCATGTGTC

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951

TTTCAGAGTA
TTGTTAAGAA
CAGACCACGA
CCAGCTGGECT
CATTCCTCAG
TTTTGTGCAA
AGAAGGTAGC
AGATGGCTTC
CAGITTGATA
ATTCTGGICA
AGTAGAGAAG
GACAAGAAGT
GCTCTCCTCC
GAGTTCCCTT
GACAGGCAAC
ATATTTGICT
CCAACGCCAC
GAAAATTGAG
CTGTTAAGAT
TGGATGAAGG
TCAGGCGGTG
ATGAGTGCAG
TTACAAGTAT
GITAGACAGT
CCAGACCCAC
AGTAGGGITG
ATCAGATCGCT
TTTACGCTAG
CTGAATCAAC
CATAGAGTGC
AAGGAGACAG
GGGAGTCTAC
TTGCCGAGGEG
CTGTAAAAGA
ACAGT GGGAG
TTTGGATGIC
AGGAAGAGSG
GATTTAATGA
CAGGGTACAG
TTAGGGGACC
GAAAGTACGG
AATCTCCTCC
AAACAGTAAA
ATGECTGIGG
CACCAACCCT
GCACAAATGA
AGTGGAAGAA
GITTCAGAAT
GAACACGT GG
TTCATTTATC
AGITGGCGIT
TCATCTGITC
GCGACAAGTG
AGAGAGTCTA
TGGAACAGGA
TTCGTCATCC
GAGGGCTTAC
CAACCACCAA
GAGCAGCAAG

TTCAAAATCT
TTAAGAAGAG
TACAGCAGCC
AGGGGCAGCT
ATGCCTTCAA
GAACCAGATG
ATTGAATTGT
GAAATGGAAC
GATGGCACCT
TTATCAGTIGT
CTACACTGCA
GCAGICTCTG
GCCACATTCA
CCTTTGIGGC
CTTTATATTT
GGTGAAAAAC
TCACTCTGCG
GTCCATTTTC
GGAATCCTTT
TTAATGGTTA
CTGGAAATAC
AGCTGAAAAC
ACACCTACCC
GGGAGCCCTC
GITATCGITGG
AGATGGTTAA
GGAATGTATC
TCCTGAGCTG
TGAAGAAAAC
AAACCCCAAG
AGCAGTTAGA
GGATCCTAAA
GAAAACGTCT
ACCTACAAGG
AAAGCATTGT
ACTTTCTACT
TGGACATTTT
TCAGGAACAT
ACCACAGCAG
CCCAGGCCCA
CCACACTGTC
TACAACCTTC
GACAGTCCCA
ACCTAAATCC
ATTGGGACAG
AGCAGTTCCG
GGCATGAGTIT
GGGGAAGGECT
CTGGAAGGAA
GAGATGAAAG
TATAACAATA
AGCTGAAGGA
TGICTGTGIC
GGAAGACCAC
AGATACAGCA
TAACAGGATT
AATGGAGCTG
GAAATCCCCT
GCTCTCAGGT

CTTCCTGGTIC
TTCATCTTCA
CTTCATTAGG
CAGAATTATT
ACAAGATGAA
ATATTATTTT
GAAGITCGTG
AGAAATAGAT
TCATTATAAG
TTAGCAACCA
GITTGCCTAT
TGAGGGAAGG
CCAGAGATCA
GGAAGACAGC
CTAAAGTCCA
ACAGTGACGA
TAATGATGGT
CTTTCACGGT
GCACTTGGCA
TATTCCTAGT
CGAATGTACA
TCACGTGGAA
ACACTGGGTA
TCCGATGGGA
CTGAAGAATG
TGGAGTATTG
AGTGITTGGC
AAGATTCTAG
AATAATTGIT
GCTCTCCAAA
GAAAACAAAA
TGCTTCCAAA
TTGGITCTGC
ATAGAACTTA
CCTTAATTGC
GGACTCTGAA
GAAAGCATCA
CCTTCTGATG
ACAGTGTGIC
CCTGGGATAG
CTGGAGCCCA
AAGCTCGCAG
GAAATCATAA
CTGGGTGGAA
GAGATCCAAG
AAGACAGCAC
AGTCATTGCC
TCGGCTATAT
AAAATGGTGA
TGTCCCTCCT
AAGGAGATGG
GAACCCAGTG
AGAGATTCTT
AGGGATTTGA
GAAACAGTCA
AGAAGGAAAT
GATATGGGECC
CCTAGICAAG
TTCTCTGGEGEC

TCTCCACTTC
TCTCTCTTTG
AACACTGAGT
ATTCCCCCAT
AGTGTGGACT
TCCAACTGAT
GCAATCCAGT
CTGGAAAGTG
CAATCCAAGT
ACACTGT GGG
CTGGGAAATT
CCAGGGTGTC
TCTATAGCTG
CGGCGGITCA
AACATCAGAT
ATGCTAGAGT
GIGATGGGAG
TACAGCTGCT
ACCCCGITCC
AAGGCACGTC
GCTGGATGAT
AAAATTCCTT
GAAAAACTGA
ATGTAAGCCT
GAGTACCCCT
ATGATCCACA
TGAAAATAAG
CTTCAGCTCC
ACCAAAGACC
ACCAACCATC
GAATAGCTAT
TCAGACGAGG
TGAAATTATA
CTCCTAAAAG
AAAGCAATTC
AGGACAGCCT
GGGCCCAAGC
CATGCTGGGA
AGATGAGGCA
TAATTGTTGA
GCAGCTGACA
CCCATTTTCC
CAGGGGACAT
TATGAATTTC
CACCCCATCT
CCACCAATGT
TGGGAGCCAG
TGIGECTTTC
CATCCTCTGA
CTTACTCCCT
GCCTTTTAGT
CTGCTCCCAC
GTTGCATGGA
GGITGGITAC
AAACTAGAGG
ACGTTATATC
ACCTAGCAGT
CACCTAGCAA
TGGGAACCCG

ATATCGCTGCT
GITCCAAAAC
GCTTCTTCAC
CAATCTTTAT
ATGGGCCAGT
TCTGATGAAA
TCCCAGITAC
ATTATCGCTA
GAAGCAAAGG
GAGTATTCTT
TTAGTGGECCG
GITCTGATGT
GGTATTTAAT
TCTCCCAGGA
GITGGCAGCT
CCTTAGTCCT
AATATGAGCC
AAAGGAACAA
AACAATCACA
TGCGGAAATC
GCAGGCATTT
TCGTGGACAA
ATGATACTCA
ACTGGAAAAC
CTCACCTCAG
ATGTGAATCA
TATGGAGCCA
CACTTTTGCA
AAGAAGTTGT
TCTTGGAAGA
TCTTCCAGAC
GAAAGTACGT
GCTTCCGCTAT
AACAGAATTG
ACGATGCTAG
ATTGATTTCG
ATCCTCTGCA
GATATGGECTG
GAACTTCTTG
GGAAATAACC
ACCACAGCCC
CTGGCECTGEC
GGAGTCAGCC
GAGTGGTAGC
CGAATGATCC
AAGCGGAAGA
TATCTGAAGA
AGACCCAATG
AGCTTCCAAA
TTGAAGTGAA
CAAATTGTGG
AGATGTCAAG
AACACATTAA
TGGAAAGACA
GAATGAGTCT
ACTTCACAGT
GAAGTGAGTIG
CCTCAGGTGG
TCATACCATT



3001
3051
3101
3151
3201
3251
3301
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AGCCAACGAA TCTGAAGITG TGGGITACAA GGTTTTTTAT AGGCAAGAGG
GICACAGCAA CAGCCAAGIT ATTGAAACAC AGAAACTTCA AGCAGTAGTA
CCACTCCCAG ATGCTGGAGT CTATATTATT GAAGTTCGAG CATATAGIGA
AGGAGGAGAT GGAACAGCTA GITCTCAAAT TAGGGTACCA TCATATTCAG
GIGGAAAAAT CACAAGTGCA CAGICGACCC TTCACACTCT CTCCACATCT
TCGTCATCAG TCACCTTGCT CTTGGCATTG ATGATTCCTT CAACTTCCTG

GIGA

7.1.6 pIRESneo-CNTN5 (pIRESneo with a CNTNS5 insert)

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551

GACGGATCGG
TCCTCTGATG
GGAGGTCGCT
GCTTGACCGA
CTGCTTCGCG
TAGITATTAA
TGGAGTTCCG
CCCAACGACC
AACGCCAATA
AAACTGCCCA
CCTATTGACG
CATGACCTTA
TCGCTATTAC
TAGCGGTTTG
TGGGAGITTG
ACAACTCCGC
GICTATATAA
GCTTATCGAA
GAGCTCGGAT
CTGITTCTGT
TGGTCTCTCC
CTTCATCTCT
TTAGGAACAC
TTATTATTCC
ATGAAAGTGT
ATTTTTCCAA
TCGIGGCAAT
TAGATCTGGA
ATAAGCAATC
AACCAACACT
CCTATCTGGG
GAAGGCCAGG
GATCATCTAT
ACAGCCGGECG
GTCCAAACAT
GACGAATGCT
ATGGTGTGAT
ACGGTTACAG
TGGCAACCCC
CTAGTAAGGC
GTACAGCTGG
TGGAAAAAAT
GGGTAGAAAA
TGGGAATGTA
GAATGGAGTA
TATTGATGAT
TTGGCTGAAA
TCTAGCTTCA
TTGITACCAA
CCAAAACCAA
CAAAAGAATA
CCAAATCAGA

GAGATCTCCC
CCGCATAGIT
GAGTAGTGCG
CAATTGCATG
ATGIACGGGEC
TAGTAATCAA
CGITACATAA
CCCGCCCATT
GGGACTTTCC
CTTGGCAGTA
TCAATGACGG
TGGGACTTTC
CATGGTGATG
ACTCACGGEEG
TTTTGGCACC
CCCATTGACG
GCAGAGCTCT
ATTAATACGA
CGATATCTGC
CAGTCACCAT
ACTTCATATG
CTTTGGITCC
TGAGICGCTTC
CCCATCAATC
GGACTATGGG
CTGATTCTGA
CCAGTTCCCA
AAGTGATTAT
CAAGTGAAGC
GIGGGGAGTA
AAATTTTAGT
GIGICGITCT
AGCTGGGTAT
GITCATCTCC
CAGATGITGG
AGAGICCTTA
GGGAGAATAT
CTGCTAAAGG
GITCCAACAA
ACGTCTGCGG
ATGATGCAGG
TCCTTTCGIG
ACTGAATGAT
AGGCTACTGG
CCCCTCTCAC
CCACAATGTG
ATAAGTATGCG
GCTCCCACTT
AGACCAAGAA
CCATCTCTTG
GCTATTCTTC
CGAGGGAAAG

GATCCCCTAT
AAGCCAGTAT
CGAGCAAAAT
AAGAATCTGC
CAGATATACG
TTACGGGGTC
CTTACGGTAA
GACGTCAATA
ATTGACGICA
CATCAAGTGT
TAAATGGECCC
CTACTTGGCA
CGGITTTGEC
ATTTCCAAGT
AAAATCAACG
CAAATGGGECG
CTGGCTAACT
CTCACTATAG
GGCCGCATGG
GIGICTTTCA
CTCCTTTGTT
AAAACCAGAC
TTCACCCAGC
TTTATCATTC
CCAGTTTTTG
TGAAAAGAAG
GITACAGATG
CGCTACAGTT
AAAGGATTCT
TTCTTAGTAG
GGCCGGACAA
GATGTGCTCT
TTAATGAGIT
CAGGAGACAG
CAGCTATATT
GTCCTCCAAC
GAGCCGAAAA
AACAACTGIT
TCACATGGAT
AAATCTCAGG
CATTTATGAG
GACAATTACA
ACTCAGTTAG
AAAACCCAGA
CTCAGAGTAG
AATCAATCAG
AGCCATTTAC
TTGCACTGAA
GITGTCATAG
GAAGAAAGGA
CAGACGGGAG
TACGITTGCC

GGICGACTCT
CTGCTCCCTG
TTAAGCTACA
TTAGGGTTAG
CGITGACATT
ATTAGTTCAT
ATGGCCCGCC
ATGACGTATG
ATGGGTGGAC
ATCATATGCC
GCCTGGCATT
GTACATCTAC
AGTACATCAA
CTCCACCCCA
GGACTTTCCA
GTAGGCGTGT
AGAGAACCCA
GGAGACCCAA
CTTCCTCTTG
GAGTATTCAA
AAGAATTAAG
CACGATACAG
TGGCTAGGCG
CTCAGATGCC
TGCAAGAACC
GTAGCATTGA
GCTTCGAAAT
TGATAGATGG
GGTCATTATC
AGAAGCTACA
GAAGTGCAGT
CCTCCGCCAC
CCCTTCCTTT
GCAACCTTTA
TGTCTGGTGA
GCCACTCACT
TTGAGGTCCA
AAGATGGAAT
GAAGGITAAT
CGGIGCTGGA
TGCAGAGCTG
AGTATACACC
ACAGTGGGAG
CCCACGTATC
GGTTGAGATG
ATGCTGGAAT
GCTAGIGCTG
TCAACTGAAG
AGTGCAAACC
GACAGAGCAG
TCTACGGATC
GAGGGGAAAA

CAGTACAATC
CTTGIGIGIT
ACAAGGCAAG
GCGTTTTGCG
GATTATTGAC
AGCCCATATA
TGGCTGACCG
TTCCCATAGT
TATTTACGGT
AAGTACGCCC
ATGCCCAGTA
GTATTAGTCA
TGGGCGTGGA
TTGACGTCAA
AAATGTCGTA
ACGGTGGGAG
CTGCTTACTG
GCTTGGTACC
GAAACTAATG
AATCTCTTCC
AAGAGTTCAT
CAGCCCTTCA
CAGCTCAGAA
TTCAAACAAG
AGATGATATT
ATTGTGAAGT
GGAACAGAAA
CACCTTCATT
AGTGITTAGC
CTGCAGITTG
CTCTGTGAGG
ATTCACCAGA
GTGGCGGAAG
TATTTCTAAA
AAAACACAGT
CTGCGTAATG
TTTTCCTTTC
GCTTTGCACT
GGITATATTC
AATACCGAAT
AAAACTCACG
TACCCACACT
CCCTCTCCGA
GITGGCTGAA
GTTAATGGAG
GTATCAGIGTI
AGCTGAAGAT
AAAACAATAA
CCAAGGCTCT
TTAGAGAAAA
CTAAATCCTT
CGICTTTGGT



2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701
4751
4801
4851
4901
4951
5001
5051
5101
5151
5201
5251
5301
5351
5401
5451
5501
5551
5601
5651

TCTGCTGAAA
ACTTACTCCT
ATTGCAAAGCC
CTGAAAGGAC
CATCAGGGCC
TGATGCATCC
GIGTCAGATG
GATAGTAATT
GCCCAGCAGC
CGCAGCCCAT
CATAACAGGG
TGGAATATGA
CCAAGCACCC
AGCACCCACC
TTGCCTGGGA
TATATTGIGG
GGTGACATCC
CTCCTCTTAC
GATGGGECCTT
CAGTGCTGCT
TTCTTGITGC
TTTGAGGITG
AGTCAAAACT
GAAATACGTT
GGGCCACCTA
TCAAGCACCT
TGGGCTGGEGA
TACAAGGITT
AACACAGAAA
TTATTGAAGT
CAAATTAGGG
GACCCTTCAC
CATTGATGAT
ACGGCCGCCA
TGGGGTGAGT
GICAGITTCC
TGCCTTTGAG
TTGTCAAGCT
GACAATGACA
CCAACTGCAG
CTCCCCCCCC
GIGCGITTGT
GIGAGGGCCC
TCTTTCCCCT
AAGCAGTTCC
CTTTGCAGGC
AAAGCCACGT
ACGITGTGAG
GTATTCAACA
ATCTGATCTG
TAAAAAAACG
AAAACACGAT
ATGGGATCGG
TTGGGTGGAG
GCTCTGATGC
TTTGICAAGA
AGCGCGGCTA
TCGACGTTGT
CCGGEGGECAGG
CATCATGGCT
GCCCATTCGA
ATGGAAGCCG

TTATAGCTTC
AAAAGAACAG
AATTCACGAT
AGCCTATTGA
CAAGCATCCT
TGGGAGATAT
AGGCAGAACT
GTTGAGGAAA
TGACAACCAC
TTTCCCTGCG
GACATGGAGT
ATTTCGAGTG
CATCTCGAAT
AATGTAAGCG
GCCAGTATCT
CTTTCAGACC
TCTGAAGCTT
TCCCTTTGAA
TTAGTCAAAT
CCCACAGATG
ATGGAAACAC
GITACTGGAA
AGAGGGAATG
ATATCACTTC
GCAGTGAAGT
AGCAACCTCA
ACCCGTCATA
TTTATAGGCA
CTTCAAGCAG
TCGAGCATAT
TACCATCATA
ACTCTCTCCA
TCCTTCAACT
GIGTGCTGGA
ACTCCCTCTC
AAAAACGAGG
GGTI'GGCCECG
TGAGGTGI GG
TCCACTTTGC
GTCGAGCATG
CCTAACGTTA
CTATATGTGA
GGAAACCTGG
CTCGCCAAAG
TCTGGAAGCT
AGCGGAACCC
GTATAAGATA
TTGGATAGIT
AGGGGECTGAA
GGGECCTCEGT
TCTAGGCCCC
GATAACCTTG
CCATTGAACA
AGGCTATTCG
CGCCGIGITC
CCGACCTGTC
TCGTGGECTGG
CACTGAAGCG
ATCTCCTGIC
GATGCAATGC
CCACCAAGCG
GICTTGICGA
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GCTATCTGTA
AATTGACAGT
GCTAGITTGG
TTTCGAGGAA
CTGCAGATTT
GGCTGCAGGEG
TCTTGITAGG
TAACCGAAAG
AGCCCAATCT
CTGGCAAACA
CAGCCATGGC
GTAGCCACCA
GATCCGCACA
GAAGAAGT GG
GAAGAGITTC
CAATGGAACA
CCAAATTCAT
GTGAAAGI TG
TGTGGTCATC
TCAAGGCGAC
ATTAAAGAGA
AGACATGGAA
AGTCTTTCGT
ACAGTGAGGG
GAGTGCAACC
GGIGGGAGCA
CCATTAGCCA
AGAGGGTCAC
TAGTACCACT
AGTGAAGGAG
TTCAGGTGGA
CATCTTCGTC
TCCTGGTGAA
ATTAATTCGC
AAAAGCGGEEC
AGGATTTGAT
TCCATCTGGT
CAGCCTTGAG
CTTTCTCTCC
CATCTAGGGEC
CTGGCCGAAG
TTTTCCACCA
CCCTGICTTC
GAATGCAAGG
TCTTGAAGAC
CCCACCTGEC
CACCTGCAAA
GIGGAAAGAG
GGATGCCCAG
GCACATCGCTT
CCGAACCACG
CCACAACCCG
AGATGGATTG
GCTATGACTG
CGCCTGICAG
CGGTGCCCTG
CCACGACGGEG
GGAAGGGACT
ATCTCACCTT
GGCGGCTGCA
AAACATCGCA
TCAGGATGAT

AAAGAACCTA
GGGAGAAAGC
ATGTCACTTT
GAGGGTGGAC
AATGATCAGG
TACAGACCAC
GGACCCCCAG
TACGGCCACA
CCTCCTACAA
GTAAAGACAG
TGTGGACCTA
ACCCTATTGG
AATGAAGCAG
AAGAAGGCAT
AGAATGGCGA
CGTGGCTGGA
TTATCGAGAT
GCGTTTATAA
TGTTCAGCTG
AAGIGTGICT
GICTAGGAAG
CAGGAAGATA
CATCCTAACA
CTTACAATGG
ACCAAGAAAT
GCAAGCCTCT
ACGAATCTGA
AGCAACAGCC
CCCAGATGCT
GAGATGGAAC
AAAATCACAA
ATCAGTCACC
ATTCAGIGGA
TGTCTGCGAG
ATGACTTCTG
ATTCACCTGG
CAGAAAAGAC
ATCTGGCCAT
ACAGGTGTCC
GGCCAATTCC
CCGCTTGGAA
TATTGCCGTIC
TTGACGAGCA
TCTGTTGAAT
AAACAACGTC
GACAGGTGCC
GGCGGCACAA
TCAAATGGCT
AAGGTACCCC
TACATGTGIT
GGGACGTGGT
GGATAATTCC
CACGCAGGTT
GGCACAACAG
CGCAGGEEECG
AATGAACTGC
CGITCCTTGC
GGCTGCTATT
GCTCCTGCCG
TACGCTTGAT
TCGAGCGAGC
CTGGACGAAG

CAAGGATAGA
ATTGICCTTA
CTACTGGACT
ATTTTGAAAG
AACATCCTTC
AGCAGACAGT
GCCCACCTGG
CTGICCTGGA
CCTTCAAGCT
TCCCAGAAAT
AATCCCTGGG
GACAGGAGAT
TTCCGAAGAC
GAGITAGTCA
AGGCTTCGCEC
AGGAAAAAAT
GAAAGTGTCC
CAATAAAGGA
AAGGAGAACC
GTGTCAGAGA
ACCACAGGGA
CAGCAGAAAC
GGATTAGAAG
AGCTGGATAT
CCCCTCCTAG
CAGGTTTCTC
AGTTGTGGGT
AAGITATTGA
GGAGTCTATA
AGCTAGTTCT
GITGCACAGTC
TTGCTCTTGG
TCCACTAGTA
GGCCAGCTGT
CGCTAAGATT
CCCGCGGTGA
AATCTTTTTG
ACACTTGAGT
ACTCCCAGGT
GCCCCTCTCC
TAAGGCCGGT
TTTTGGCAAT
TTCCTAGEGG
GICGTGAAGG
TGTAGCGACC
TCTGCGGCCA
CCCCAGTGCC
CTCCTCAAGC
ATTGTATGGG
TAGICGAGGT
TTTCCTTTGA
TGCAGCCAAT
CTCCGECCGC
ACAATCGGCT
CCCGGITCTT
AGGACGAGCEC
GCAGCTGTGC
GGGCGAAGT G
AGAAAGTATC
CCGGCTACCT
ACGTACTCGG
AGCATCAGGG



5701
5751
5801
5851
5901
5951
6001
6051
6101
6151
6201
6251
6301
6351
6401
6451
6501
6551
6601
6651
6701
6751
6801
6851
6901
6951
7001
7051
7101
7151
7201
7251
7301
7351
7401
7451
7501
7551
7601
7651
7701
7751
7801
7851
7901
7951
8001
8051
8101
8151
8201
8251
8301
8351
8401
8451
8501

GCTCGCGCCA
GCGATGATCT
GIGGAAAATG
GGCGGACCGC
AGCTTGGECGG
GCTCCCGATT
CTGAGGGGAT
CTAGITTGCCA
CTGGAAGGTG
ATCGCATTGT
AGGACAGCAA
GCGGTGGEECT
TGCATTCTAG
TGTATACCGT
GITTCCTGIG
CCGGAAGCAT
ACATTAATTG
GIGCCAGCTG
GTATTGGGECG
GITCGECTGC
ATCCACAGAA
AGCAAAAGGC
AGGCTCCGCC
GIGGCGAAAC
GCTCCCTCGT
TCCGCCTTTC
TAGGTATCTC
ACGAACCCCC
CTTGAGICCA
TGGTAACAGG
TGAAGTGGTG
TGCGCTCTCGC
ATCCGGCAAA
AGCAGATTAC
TCTACGGGEGT
GGICATGAGA
AATGAAGITT
AGTTACCAAT
TCGITCATCC
GGGAGGGECTT
CGCTCACCGG
CGAGCGCAGA
ATTGTTGCCG
AACGTTGITG
TATGGCTTCA
CCCCCATGIT
GICAGAAGTA
GCATAATTCT
GIGAGTACTC
TGCTCTTGCC
TTTAAAAGTG
GGATCTTACC
AACTGATCTT
AACAGGAAGG
GITGAATACT
GGITATTGIC
ACAAATAGGG

GCCGAACTGT
CGICGTGACC
GCCGCTTTTC
TATCAGGACA
CGAATGGGECT
CGCAGCGCAT
CAATTCTCTA
GCCATCTGTT
CCACTCCCAC
CTGAGTAGGT
GGGGGAGGAT
CTATGCCTTC
TTGITGGTTTG
CGACCTCTAG
TGAAATTGIT
AAAGTGTAAA
CGITGCGCTC
CATTAATGAA
CTCTTCCGCT
GGCGAGCGGET
TCAGGGGATA
CAGGAACCGT
CCCCTGACGA
CCGACAGGAC
GCGCTCTCCT
TCCCTTCGGG
AGTTCGGTGT
CGITCAGCCC
ACCCGGTAAG
ATTAGCAGAG
GCCTAACTAC
TGAAGCCAGT
CAAACCACCG
GCGCAGAAAA
CTGACGCTCA
TTATCAAAAA
TAAATCAATC
GCTTAATCAG
ATAGTTGCCT
ACCATCTGGC
CTCCAGATTT
AGTGGTCCTG
GGAAGCTAGA
CCATTGCTAC
TTCAGCTCCG
GTGCAAAAAA
AGTTGGECCGC
CTTACTGICA
AACCAAGTCA
CGGCGTCAAT
CTCATCATTG
GCTGITGAGA
CAGCATCTTT
CAAAATGCCG
CATACTCTTC
TCATGAGCGG
GTTCCGCGCA
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TCGCCAGCECT
CATGGCGATG
TGGATTCATC
TAGCGTTGGC
GACCGCTTCC
CGCCTTCTAT
GAGCTCCCTG
GITTGCCCCT
TGTCCTTTCC
GICATTCTAT
TGGGAAGACA
TGAGGCGGAA
TCCAAACTCA
CTAGAGCTTG
ATCCGCTCAC
GCCTGGEGTG
ACTGCCCGCT
TCGGCCAACG
TCCTCGCTCA
ATCAGCTCAC
ACGCAGGAAA
AAAAAGGCCG
GCATCACAAA
TATAAAGATA
GITCCGACCC
AAGCGTGECG
AGGTICGTTCG
GACCGCTGCG
ACACGACTTA
CGAGGTATGT
GGCTACACTA
TACCTTCGGA
CTGGTAGCGG
AAAGGATCTC
GIGGAACGAA
GGATCTTCAC
TAAAGTATAT
TGAGGCACCT
GACTCCCCGT
CCCAGTGCTG
ATCAGCAATA
CAACTTTATC
GTAAGTAGIT
AGGCATCGTG
GITCCCAACG
GCGGTTAGCT
AGTGTTATCA
TGCCATCCGT
TTCTGAGAAT
ACGGGATAAT
GAAAACGTTC
TCCAGTTCGA
TACTTTCACC
CAAAAAAGGG
CTTTTTCAAT
ATACATATTT
CATTTCCCCG

CAAGGCGCGC
CCTGCTTGCC
GACTGIGGCC
TACCCGTGAT
TCGTGCTTTA
CGCCTTCTTG
ATCAGCCTCG
CCCCCGTGCC
TAATAAAATG
TCTGGGEGEEGET
ATAGCAGGCA
AGAACCAGCT
TCAATGTATC
GCGTAATCAT
AATTCCACAC
CCTAATGAGT
TTCCAGTCGG
CGCGGGGAGA
CTGACTCGCT
TCAAAGGCGG
GAACATGTGA
CGITGCTGEC
AATCGACCCT
CCAGGCGTTT
TGCCGCTTAC
CTTTCTCAAT
CTCCAACGCTG
CCTTATCCGG
TCGCCACTGG
AGGCGGTGCT
GAAGGACAGT
AAAAGAGTI TG
TGGITTTTTT
AAGAAGATCC
AACTCACGIT
CTAGATCCTT
ATGAGTAAAC
ATCTCAGCGA
CGTGTAGATA
CAATGATACC
AACCAGCCAG
CGCCTCCATC
CGCCAGITAA
GTGICACGCT
ATCAAGGCGA
CCTTCGGTCC
CTCATGGITA
AAGATGCTTT
AGTGTATGCG
ACCGCGCCAC
TTCGGGGECEA
TGTAACCCAC
AGCGITTCTG
AATAAGGECG
ATTATTGAAG
GAATGTATTT
AAAAGT GCCA

ATGCCCGACG
GAATATCATG
GGCTGGGTGT
ATTGCCTGAAG
CGGTATCGCC
ACGAGTTCTT
ACTGTGCCTT
TTCCTTGACC
AGGAAATTGC
GGEGTGGEEEC
TGCTGGGGAT
GGGCCTCGAG
TTATCATGIC
GGICATAGCT
AACATACGAG
GAGCTAACTC
GAAACCTGTC
GGCGGITTGC
GCGCTCGGTC
TAATACGGTT
GCAAAAGGCC
GITTTTCCAT
CAAGTCAGAG
CCCCCTGGAA
CGGATACCTG
GCTCACCCTG
GCCTGIGTGC
TAACTATCGT
CAGCAGCCAC
ACAGAGTTCT
ATTTGGTATC
GTAGCTCTTG
GITTGCAAGC
TTTGATCTTT
AAGGGATTTT
TTAAATTAAA
TTGGTCTGAC
TCTGTCTATT
ACTACGATAC
GCGAGACCCA
CCGGAAGGEC
CAGTCTATTA
TAGTTTGCGC
CGICGITTGG
GITACATGAT
TCCGATCGIT
TGGCAGCACT
TCTGTGACTG
GCGACCGAGT
ATAGCAGAAC
AAACTCTCAA
TCGTGCACCC
GGTGAGCAAA
ACACGGAAAT
CATTTATCAG
AGAAAAATAA
CCTGACGTC



-199 -

7.1.7 Neurofascin insert sequence

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951

ATGGCCAGCEC
CCTCCTCAGT
AGAATGAGCT
CACATCGTGG
GAACCCTGCC
TCGCCAAGGA
ATTGACTTCC
GIGCTTCGCC
TGCAGGTGIC
GI'GGTCCAAG
ACTTCCATCC
CCCAAGACAA
AACGTGATGC
CCACTTCACC
TCACCACCCG
GGCACCGCGA
ATGCATCGCC
GIGGGGACCT
CTGCGTATCA
GGCCTCCAAC
AGGCTGCTCC
GGCGAGGATG
TGTCCAGIGG
CAAACCGTGA
AGCAGCAGGG
GCTGGCCAAC
CGCCCCGGAA
GACTGCCCTT
TGGGCAAGGA
GCAGTCTGGA
TGTGICGCCA
GGTCAAAGAC
GAAGGGGCAC
CTGAAACTCA
AAACAGGATG
AGCGGGACCA
GACCTGGCCA
TAACCGITTG
TGGAGCTGAC
GGGGATGCTA
AGACCAGITC
GCGTTAACTC
CGIGICATTG
CGAGCGCTAC
TGAAGGGAGA
ATGAATGCCA
GAGGCGGAGA
CTCGCTACGT
GICCAGGCTG
CGGTTACTCC
GGCAGCCCAA
CCAAATGGGA
GACCAAAGTA
AGTTCACGGT
AGCGCCAGGA
AGCACCCCCG
CGACTACCGT
ATTGCTGCCA
ACCTACCACC
CTGCTGCCGC

AGCCACCGCC
CTTGGCGGAG
GACGCAGCCG
ACCCCCGTGA
CCCAGCTTCC
CCCCCGGEGTG
GCAGTGGCGG
CGCAACAAAT
TAAATCTCCT
AGGGCGCTCC
CCGGTCATCT
ACGTGTCTCT
TGCAGGACAT
CACACCATCC
AGGAGTTGCA
GCAGCCAGAT
TCCGGGEGTCC
CCCATCTGAT
CAAATGTCTC
AAGATGGGCA
CTACTGCCTG
GGAGACTGGT
ATGGTGAATG
GGTGGCCGEA
CTGITGTACCA
GCCTTTGICA
CCAGCTCATT
TCTTTGGGTC
AGCAACCTGG
AATTAAGATG
CCAACATCCT
CCCACCAGGA
CACGGTGCAG
CCGTCTCCTG
AAGAAGGAAG
GGGCAGITAC
AGGCCTACCT
GCTGCCCTGC
CGACCTGGECC
ACAACAGCCC
CAACCTGGEGEG
AGCCGTCCTC
CCATCAACGA
CGAACCAGTG
GGGGACCAGA
CCTCGCECCTT
GAGACTCGAG
GGTGGGGCAG
AAAATGACTT
GGAGAAGATT
CCTGGAGACA
TCATGATTGG
GGAAAGCAGA
GCAAAGAACG
CGCAGGTGGEG
AATGAAGCTA
GGGIGCGACG
CCACCGAAGC
ATCGCCACCA
CACCACCACC

GCCCTGEGTC
CCATCGAAAT
CCAACCATCA
TAACATCCTG
ACTGGACACG
TCCATGAGGA
GCGGECCGEEAG
TTGGCACGGEC
CTGIGGCCCA
TTTGACGCTC
TCTGGATGAG
CAGGGCCATA
GCAGACCGAC
AGCAGAAGAA
GAAAGAACAC
GGIGCTTCGT
CAACACCAGA
AAGGCCAAGT
TGAGGAAGAC
GCATCCGGCA
GACGAACCCA
GI'GTCGAGCC
GGGAACCTTT
GACACCATCA
GIGCAACACC
GIGTGCTGGA
CGAGTGATTC
TCCCATCCCC
ATGGTGGCAA
ATCCGCAAAG
GGGCAAAGCT
TCTACCGGAT
CTGGAGTGTC
GCTGAAGGAT
ACGACTCCCT
ACGTGTGTICG
CACCGTGCTA
CCAAAGGACG
GAGAGGAGCG
CATCACAGAC
TCTGGCATGA
CGCECTGICCC
GGITGGGAGC
GAGCACCCCC
AAGAACAACA
TGGCCCCAAC
AGGCCTGGAA
ACCCCAGTCT
CGGGAAGGEC
TACCCAGIGC
ATCAACCTGG
ATACACTCTC
TAGITGGAAAA
GACCCCGTGT
CTCTGGGGAA
CTCCAACCGC
GGCCCTGTGA
CACAACAGTC
CCACCACCGT
ACGGAGAGTC

CATGCAGCCT
TCCTATGGAT
CCAAGCAGTC
ATTGAGIGIG
AAACAGCAGA
GGAGGTCTGG
GAATATGAGG
CCTGICCAAT
AGGAAAACCT
CAGI'GCAACC
CAGCTCCATG
ACGGAGACCT
TACAGTTGTA
CCCTTTCACC
CAAGCTTCAT
GGCATGGACC
CATCGCATGG
TTGAGAACTT
TCCGGGGAGT
CACGATCTCG
AGAACCTTAT
AATGGAAACC
GCAATCGGCA
TCTTCCGGGA
TCCAACGAGC
TGTGCCGCCT
TTTACAACCG
ACACTGCGAT
CTACCATGIT
AGGACCAGGG
GAAAACCAAG
GCCCGAGGAC
GGGIGAAGCA
GACGAGCCGC
GACCATCTTT
CCAGCACCGA
GCTGATCAGG
GCCAGACCGG
TGCGGCTGAC
TACGTCGTCC
CCATTCCAAG
CGTATGICAA
AGCCACCCCA
CGAGTCCAAT
TGGAGATCAC
CTGCGCTACA
CAACGTCACA
ACGI'GCCCTA
CCTGAGCCAG
CCCTAGGECGT
AATGGGATCA
AAATATGTI GG
CTTCTCTCCC
CACGCTACCG
GCCGTCACAG
AGCTCCTCCC
GCAGTACCGA
CCCATCATCC
CGCCACAACT
CTCCCACCAC

TCCTCCTCTG
CCAAGCATTC
AGCGAAGGAT
AAGCAAAAGG
TTCTTCAACA
GACCCTGGTG
GGGAATATCA
AGGATCCGCC
AGACCCTGTIC
CCCCGCCTGG
GAGCCCATCA
ATACTTCTCC
ACGCCCGCTT
CTCAAGGTCC
GIATCCCCAG
TCCTGCTGGA
TACAAGAAAG
TAATAAGGECC
ATTTCTGCCT
GITGAGAGTAA
TCTGCECTCCT
CCAAACCCAC
CCACCTAACC
CACCCAGATC
ATGGCTACCT
CGGATCCTGT
GACGCGCECTG
GGTTTAAGAA
TATGAGAACG
CATCTACACC
TCCGCCTGGA
CAGGTGGCCA
CGACCCCTCC
TCTATATTGG
GGGGTGGCAG
GCTAGACCAA
CCACTCCAAC
CCCCGGGACC
CTGGATCCCC
AGTTTGAAGA
TACCCCGGCA
CTACCAGTTC
GCCTCCCATC
CCTGGTGACG
GIGGACGCCC
TTGTCAAGTG
GIGTIGGGGECT
TGAGATCCGA
AGTCCGTCAT
TTCCGAGICC
TCCTGAGCAT
CCTTTAACGG
AATCAGACCA
CTTTACCCTC
AGGAGTCACC
ACATTGCCCC
TGCTACTGCC
CAACTGICGC
ACTACAACCA
CACCTCCGGG



3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701

ACTAAGATAC
GGIGCTCCCC
GGCCCGGAAC
AAAACTGTCC
CTATCCCGGG
GCATCAGCAG
AACCAAGCAG
CATCGCCCTC
GICGCGGECGG
CCTGAAGACC
CAACAAGCCC
AGCAGGAGAG
CAGITCAATG
CAAGGAGGAA
ATCGCTATCTA

ACGAATCCCC
AACAGTAAAT
TGACTTTGIG
CAGTTAAGGC
ATGACATACA
TACCGTCATC
ACATCGCCAC
CTGGTGCTGA
CAAGTACCCA
CCAAGGAAGA
CTGCAGGGCA
TGACGACAGC
AAGACGECTC
ACAGAGGGCA
CTCTCTGECC
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CCCTGATGAG
GGGCCAACAT
GITGAGTACA
CCAGCCTCAG
CGITGCGGEGT
ACCTTTATGA
CCAGGCECTGG
TCCTGCTCAT
GTACGAGAAA
GGATGGCTCA
GICAGACATC
CTGGTGGACT
CTTCATCGGC
ACGAAAGCTC
TAA

CAGTCCATAT
CACCTGGAAG
TCGACAGCAA
CCTATACAGC
TTATTCCCGG
CCAGTACAGC
TTCATTGGCEC
CGICTGITTC
AGAAGGATGT
TTTGACTATA
TCTGGACGEC
ATGGCGAGGEG
CAGTACACGG
AGAGGCCACG

GGAACGTCAC
CACAATTTCG
CCATACGAAA
TGACAGACCT
GACAACGAGG
TTACACCAAC
TTATGTGCGC
ATCAAGAGGA
TCCCCTTGEC
GIGATGAGEA
ACCATCAAGC
TGGCGAGGEGT
TCAAAAAGGA
TCACCTGICA

7.1.8 pIRESneo-NF186 (pIRESneo with a neurofascin 186 inst)

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101

GACGGATCGG
TGCTCTGATG
GGAGGTCGCT
GCTTGACCGA
CTGCTTCGCG
TAGITATTAA
TGGAGTTCCG
CCCAACGACC
AACGCCAATA
AAACTGCCCA
CCTATTGACG
CATGACCTTA
TCGCTATTAC
TAGCGGTTTG
TGGGAGITTG
ACAACTCCGC
GICTATATAA
GCTTATCGAA
GAGCTCGGAT
TGGGTCCATG
GAAATTCCTA
CATCACCAAG
TCCTGATTGA
ACACGAAACA
GAGGAGGAGG
CGGAGGAATA
ACGGCCCTGT
GCCCAAGGAA
CGCTCCAGTG
ATGAGCAGCT
CCATAACGGA
CCGACTACAG
AAGAACCCTT
AACACCAAGC
TTCGTGGCAT
CCAGACATCG
CAAGTTTGAG
AAGACTCCGG
CGGCACACGA
ACCCAAGAAC
GAGCCAATGG
CCTTTGCAAT
CATCATCTTC

GAGATCTCCC
CCGCATAGTT
GAGTAGTGCG
CAATTGCATG
ATGTACGGCEC
TAGTAATCAA
CGITACATAA
CCCGCCCATT
GGGACTTTCC
CTTGGCAGTA
TCAATGACGG
TGGGACTTTC
CATGGIGATG
ACTCACGGEGEG
TTTTGGCACC
CCCATTGACG
GCAGAGCTCT
ATTAATACGA
CGATATCTGC
CAGCCTTCCC
TGGATCCAAG
CAGTCAGCGA
GTGIGAAGCA
GCAGATTCTT
TCTGGGACCC
TGAGGGGGAA
CCAATAGGAT
AACCTAGACC
CAACCCCCCG
CCATGGAGCC
GACCTATACT
TTGTAACGCC
TCACCCTCAA
TTCATGTATC
GGACCTCCTG
CATGGTACAA
AACTTTAATA
GGAGTATTTC
TCTCGGTGAG
CTTATTCTGG
AAACCCCAAA
CGGCACCACC
CGGGACACCC

GATCCCCTAT
AAGCCAGTAT
CGAGCAAAAT
AAGAATCTGC
CAGATATACG
TTACGGGGTC
CTTACGGTAA
GACGTCAATA
ATTGACGICA
CATCAAGTGT
TAAATGGCCC
CTACTTGGCA
CGGTTTTGEC
ATTTCCAAGT
AAAATCAACG
CAAATGGEGECG
CTGGCTAACT
CTCACTATAG
GGCCGCATGG
CTCTGCCTCC
CATTCAGAAT
AGGATCACAT
AAAGGGAACC
CAACATCGCC
TGGTGATTGA
TATCAGTCCT
CCGCCTGCAG
CTGICGIGGT
CCTGGACTTC
CATCACCCAA
TCTCCAACGT
CGCTTCCACT
GGI'CCTCACC
CCCAGGGCAC
CTGGAATGCA
GAAAGGT GGG
AGGCCCTGCG
TGCCTGGECCT
AGTAAAGGCT
CTCCTGGCGA
CCCACTGICC
TAACCCAAAC
AGATCAGCAG

GGTCGACTCT
CTGCTCCCTG
TTAAGCTACA
TTAGGGTTAG
CGITGACATT
ATTAGTTCAT
ATGGCCCGCC
ATGACGTATG
ATGGGTGGAC
ATCATATGCC
GCCTGGCATT
GITACATCTAC
AGTACATCAA
CTCCACCCCA
GGACTTTCCA
GIAGGCGTGT
AGAGAACCCA
GGAGACCCAA
CCAGGCAGCC
TCAGICTTGG
GAGCTGACGC
CGIGGACCCC
CTGCCCCCAG
AAGGACCCCC
CTTCCGCAGT
TCGCCCGCAA
GIGTCTAAAT
CCAAGAGGGC
CATCCCCGGT
GACAAACGTG
GATGCTGCAG
TCACCCACAC
ACCCGAGGAG
CGCGAGCAGC
TCGCCTCCGG
GACCTCCCAT
TATCACAAAT
CCAACAAGAT
GCTCCCTACT
GGATGGGAGA
AGTGGATGGT
CGTGAGGTGG
CAGGGCTGTG

CAGTACAATC
CTTGIGTGIT
ACAAGGCAAG
GCGITTTGCG
GATTATTGAC
AGCCCATATA
TGGCTGACCG
TTCCCATAGT
TATTTACGGT
AAGTACGCCC
ATGCCCAGTA
GTATTAGTCA
TGGGCGTGGA
TTGACGTCAA
AAATGTCGTA
ACGGTGGGAG
CTGCTTACTG
GCTTGGTACC
ACCGCCGCCC
CGGAGCCATC
AGCCGCCAAC
CGIGATAACA
CTTCCACTGG
GGGTGICCAT
GGCGGECEEC
CAAATTTGGEC
CTCCTCTGTG
GCTCCTTTGA
CATCTTCTGG
TCTCTCAGGG
GACATGCAGA
CATCCAGCAG
TTGCAGAAAG
CAGATGGTGC
GGI'CCCAACA
CTGATAAGGC
GTCTCTGAGG
GGGCAGCATC
GGCTGGACGA
CTGGTGIGIC
GAATGGGGAA
CCGGAGACAC
TACCAGTGCA



2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
2651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
6701
4751
4801
4851
4901
4951
5001
5051
5101
5151
5201

ACACCTCCAA
CTGGATGTGC
GATTCTTTAC
TCCCCACACT
GGCAACTACC
CAAAGAGGAC
AAGCTGAAAA
CGGATGCCCG
GIGICGGGTG
AGGATGACGA
TCCCTGACCA
TGTCGCCAGC
TGCTAGCTGA
GGACGGCCAG
GAGCGT GCGG
CAGACTACGT
CATGACCATT
GI'CCCCGTAT
GGAGCAGCCA
CCCCCCGAGT
CAACATGGAG
CCAACCTGCG
TGGAACAACG
AGTCTACGTG
AGGGCCCTGA
AGTGCCCCTA
CCTGGAATGG
CTCTCAAATA
GAAAACTTCT
CGIGTCACGC
GGGAAGCCGT
ACCGCAGCTC
TGTGAGCAGT
CAGTCCCCAT
ACCGTCGCCA
GAGTCCTCCC
ATGAGCAGTC
AACATCACCT
GTACATCGAC
CTCAGCCTAT
CCGGTTTATT
TATGACCAGT
GCTGGTTCAT
CTCATCGTCT
AGAAAAGAAG
GCTCATTTGA
ACATCTCTGG
GGACTATGGC
TCGGCCAGTA
AGCTCAGAGG
ATTCAGTGGA
TGTCTGCGAG
ATGACTTCTG
ATTCACCTGG
CAGAAAAGAC
ATCTGGCCAT
ACAGGTGTICC
GGCCAATTCC
CCCCTTGGAA
TATTGCCGIC
TTGACGAGCA
TCTGITGAAT

CGAGCATGGC
CGCCTCGGAT
AACCGGACGC
GCGATGGTTT
ATGITTATGA
CAGGGCATCT
CCAAGTICCGC
AGGACCAGGT
AAGCACGACC
GCCGCTCTAT
TCTTTGGEGGT
ACCGAGCTAG
TCAGGCCACT
ACCGGCCCCG
CTGACCTGGA
CGICCAGTTT
CCAAGTACCC
GICAACTACC
CCCCAGCCTC
CCAATCCTGG
ATCACGTGGA
CTACATTGTC
TCACAGTGIG
CCCTATGAGA
GCCAGAGTCC
GGCGTTTCCG
GATCATCCTG
TGTGECCTTT
CTCCCAATCA
TACCCCTTTA
CACAGAGGAG
CTCCCACATT
ACCGATGCTA
CATCCCAACT
CAACTACTAC
ACCACCACCT
CATATGGAAC
GGAAGCACAA
AGCAACCATA
ACAGCTGACA
CCCGGGACAA
ACAGCTTACA
TGGGCTTATG
GITTCATCAA
GATGTTCCCC
CTATAGTGAT
ACGGCACCAT
GAGGGTGECG
CACGGTCAAA
CCACGTICACC
TCCACTAGTA
GGCCAGCTGT
CGCTAAGATT
CCCGCGGTGA
AATCTTTTTG
ACACTTGAGT
ACTCCCAGGT
GCCCCTCTCC
TAAGGCCGGT
TTTTGGCAAT
TTCCTAGGGG
GTCGTGAAGG
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TACCTGCTGG
GCTGTCGCCC
GGCTGGACTG
AAGAATGGECC
GAACGGCAGT
ACACCTGTGT
CTGGAGGTCA
GGCCAGAAGG
CCTCCCTGAA
ATTGGAAACA
GGCAGAGCGG
ACCAAGACCT
CCAACTAACC
GGACCTGGAG
TCCCCGGGGA
GAAGAAGACC
CGGCAGCGIT
AGTTCCGTGT
CCATCCGAGC
TGACGTGAAG
CGCCCATGAA
AAGTGGAGCEC
GGGCTCTCGC
TCCGAGTCCA
GICATCGGIT
AGTCCGGCAG
AGCATCCAAA
AACGGGACCA
GACCAAGTTC
CCCTCAGCGC
TCACCAGCAC
GCCCCCGACT
CTGCCATTGC
GTI'CGCACCTA
AACCACTGCT
CCGGGACTAA
GI'CACGGTGC
TTTCGGGECCC
CGAAAAAAAC
GACCTCTATC
CGAGGGCATC
CCAACAACCA
TGCGCCATCG
GAGGAGTCGC
TTGGCCCTGA
GAGGACAACA
CAAGCAGCAG
AGCGGTCAGIT
AAGGACAAGG
TGTCAATGCT
ACGGCCGCCA
TGGGGTGAGT
GICAGITTCC
TGCCTTTGAG
TTGICAAGCT
GACAATGACA
CCAACTGCAG
crcceeccee
GIGCGITTGT
GIGAGGGECCC
TCTTTCCCCT
AAGCAGITCC

CCAACCCCTT
CGGAACCAGC
CCCTTTCTTT
AAGGAAGCAA
CTGGAAATTA
CGCCACCAAC
AAGACCCCAC
GGCACCACGG
ACTCACCGTC
GGATGAAGAA
GACCAGGGCA
GGCCAAGGCC
GITTTGGCTGC
CTGACCGACC
TGCTAACAAC
AGTTCCAACC
AACTCAGCCG
CATTGCCATC
GCTACCGAAC
GGAGAGGGGA
TGCCACCTCG
GGAGAGAGAC
TACGTGGTGG
GGCTGAAAAT
ACTCCGGAGA
CCCAACCTGG
TGGGATCATG
AAGTAGGAAA
ACGGTGCAAA
CAGGACGCAG
CCCCGAATGA
ACCGTGEGTG
TGCCACCACC
CCACCATCGC
GCCGCCACCA
GATACACGAA
TCCCCAACAG
GGAACTGACT
TGTCCCAGIT
CCGGGATGAC
AGCAGTACCG
AGCAGACATC
CCCTCCTGGT
GGCGGCAAGT
AGACCCCAAG
AGCCCCTGCA
GAGAGTGACG
CAATGAAGAC
AGGAAACAGA
ATCTACTCTC
GTGIGCTGGA
ACTCCCTCTC
AAAAACGAGG
GGIGECCECG
TGAGGTGI GG
TCCACTTTGC
GTCGAGCATG
CCTAACGITA
CTATATGTGA
GGAAACCTGG
CTCGCCAAAG
TCTGGAAGCT

TGTCAGTGIG
TCATTCGAGT
GGGTCTCCCA
CCTGGATGGT
AGATGATCCG
ATCCTGGGCA
CAGGATCTAC
TGCAGCTGGA
TCCTGGCTGA
GGAAGACGAC
GITACACGTG
TACCTCACCG
CCTGCCCAAA
TGGCCGAGAG
AGCCCCATCA
TGGGGTCTGG
TCCTCCGGECT
AACGAGGTTG
CAGTGGAGCA
CCAGAAAGAA
GCCTTTGGECC
TCGAGAGGECC
GGCAGACCCC
GACTTCGGGA
AGATTTACCC
AGACAATCAA
ATTGGATACA
GCAGATAGTIG
GAACGGACCC
GIGGCECTCTG
AGCTACTCCA
CGACGGEECGC
GAAGCCACAA
CACCACCACC
CCACCACGEA
TCCGCCCCTG
TAAATGGGECC
TTGTGGTTGA
AAGGCCCAGG
ATACACGITG
TCATCACCTT
GCCACCCAGG
GCTGATCCTG
ACCCAGTACG
GAAGAGGATG
GGGCAGTCAG
ACAGCCTGGT
GGCTCCTTCA
GGGCAACGAA
TGGCCTAAGA
ATTAATTCGC
AAAAGCGGEEC
AGGATTTGAT
TCCATCTGGT
CAGCCTTGAG
CTTTCTCTCC
CATCTAGGGEC
CTGGCCGAAG
TTTTCCACCA
CCCTGICTTC
GAATGCAAGG
TCTTGAAGAC



5251
5301
5351
5401
5451
5501
5551
5601
5651
5701
5751
5801
5851
5901
5951
6001
6051
6101
6151
6201
6251
6301
6351
6401
6451
6501
6551
6601
6651
6701
6751
6801
6851
6901
6951
7001
7051
7101
7151
7201
7251
7301
7351
7401
7451
7501
7551
7601
7651
7701
7751
7801
7851
7901
7951
8001
8051
8101
8151
8201
8251
8301

AAACAACGTC
GACAGGTGCC
GGCGGCACAA
TCAAATGCCT
AAGGTACCCC
TACATGTGIT
GGGACGTGGT
GGATAATTCC
CACGCAGGTIT
GGCACAACAG
CGCAGGGEECG
AATGAACTGC
CGITCCTTGC
GGCTGCTATT
GCTCCTGCCG
TACGCTTGAT
TCGAGCGAGC
CTGGACGAAG
CAAGGCGCGC
CCTGCTTGECC
GACTGIGGECC
TACCCGTGAT
TCGIGCTTTA
CCCCTTCTTG
ATCAGCCTCG
CCCCCGTGECC
TAATAAAATG
TCTGGEGEEGET
ATAGCAGGCA
AGAACCAGCT
TCAATGTATC
GCGTAATCAT
AATTCCACAC
CCTAATGAGT
TTCCAGTCGG
CGCGGGGAGA
CTGACTCGCT
TCAAAGGCGG
GAACATGTGA
CGITGCTGEC
AATCGACGCT
CCAGGCGTTT
TGCCGCTTAC
CTTTCTCAAT
CTCCAAGCTG
CCTTATCCGG
TCGCCACTGG
AGGCGGTCGCT
GAAGGACAGT
AAAAGAGITG
TGGITTTTTT
AAGAAGATCC
AACTCACGIT
CTAGATCCTT
ATGAGTAAAC
ATCTCAGCGA
CGIGTAGATA
CAATGATACC
AACCAGCCAG
CGCCTCCATC
CGCCAGITAA
GIGTCACGCT

TGTAGCGACC
TCTGCGGCCA
CCCCAGTGCC
CTCCTCAAGC
ATTGTATGGG
TAGTCGAGGT
TTTCCTTTCGA
TGCAGCCAAT
CTCCGECCEC
ACAATCGGCT
CCCGGITCTT
AGGACGAGGEC
GCAGCTGTGC
GGGCGAAGTG
AGAAAGTATC
CCGGCTACCT
ACGTACTCGG
AGCATCAGGG
ATGCCCGACG
GAATATCATG
GGCTGEGTGT
ATTGCTGAAG
CGGTATCGCC
ACGAGTTCTT
ACTGTGCCTT
TTCCTTGACC
AGGAAATTGC
GGGGTGEEEC
TGCTGGGEGAT
GGGGCTCGAG
TTATCATGIC
GGTCATAGCT
AACATACGAG
GAGCTAACTC
GAAACCTGTC
GGECGGITTGC
GCGCTCGGTC
TAATACGGIT
GCAAAAGGCC
GITTTTCCAT
CAAGTCAGAG
CCCCCTGGAA
CGGATACCTG
GCTCACCCTG
GCCTGIGTGC
TAACTATCGT
CAGCAGCCAC
ACAGAGITCT
ATTTGGTATC
GITAGCTCTTG
GTTTGCAAGC
TTTGATCTTT
AAGCGATTTT
TTAAATTAAA
TTGGICTGAC
TCTGICTATT
ACTACGATAC
GCGAGACCCA
CCGGAAGGGEC
CAGITCTATTA
TAGTTTGCGC
CGICGITTGG
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CTTTGCAGGC
AAAGCCACGT
ACGTTGTGAG
GTATTCAACA
ATCTGATCTG
TAAAAAAACG
AAAACACGAT
ATGGGATCGG
TTGGGTGGAG
GCTCTGATGC
TTTGTCAAGA
AGCGCGGCTA
TCGACGTTGT
CCGGGEGCAGG
CATCATGGCT
GCCCATTCGA
ATGGAAGCCG
GCTCGCGCCA
GCGATGATCT
GIGGAAAATG
GGCGGACCGC
AGCTTGGECGG
GCTCCCGATT
CTGAGGGGAT
CTAGTTGCCA
CTGGAAGGTG
ATCGCATTGT
AGGACAGCAA
GCGGTGEECT
TGCATTCTAG
TGTATACCGT
GITTCCTGIG
CCGGAAGCAT
ACATTAATTG
GI'GCCAGCTG
GTATTGGGECG
GITCGECTGC
ATCCACAGAA
AGCAAAAGGC
AGGCTCCGCC
GIGGCGAAAC
GCTCCCTCGT
TCCGCCTTTC
TAGGTATCTC
ACGAACCCCC
CTTGAGTCCA
TGGTAACAGG
TGAAGTGGTG
TGCGCTCTGC
ATCCGGCAAA
AGCAGATTAC
TCTACGGGEGT
GGTCATGAGA
AATGAAGTTT
AGTTACCAAT
TCGITCATCC
GGGAGGGECTT
CGCTCACCGG
CGAGCGCAGA
ATTGITGCCG
AACGITGITG
TATGGCTTCA

AGCGGAACCC
GITATAAGATA
TTGGATAGIT
AGGGCCTGAA
GGGCCTCGGET
TCTAGGCCCC
GATAACCTTG
CCATTGAACA
AGCGCTATTCG
CGCCGTGITC
CCGACCTGTC
TCGTGECTGG
CACTGAAGCG
ATCTCCTGIC
GATGCAATGC
CCACCAAGCG
GTCTTGICGA
GCCGAACTGT
CGTCGTGACC
GCCCCTTTTC
TATCAGGACA
CGAATGGGECT
CGCAGCGCAT
CAATTCTCTA
GCCATCTGIT
CCACTCCCAC
CTGAGTAGGT
GGGGGAGGAT
CTATGGECTTC
TTGTGGTTTG
CGACCTCTAG
TGAAATTGIT
AAAGTGTAAA
CGITGCCCTC
CATTAATGAA
CTCTTCCGCT
GGCGAGCGGT
TCAGGGGATA
CAGGAACCGT
CCCCTGACGA
CCGACAGGAC
GCGCTCTCCT
TCCCTTCGEG
AGITCGGTGT
CGITCAGCCC
ACCCGGTAAG
ATTAGCAGAG
GCCTAACTAC
TGAAGCCAGT
CAAACCACCG
GCGCAGAAAA
CTGACGCTCA
TTATCAAAAA
TAAATCAATC
GCTTAATCAG
ATAGTTGCCT
ACCATCTGGC
CTCCAGATTT
AGTGGTCCTG
GGAAGCTAGA
CCATTGCTAC
TTCAGCTCCG

CCCACCTGGEC
CACCTGCAAA
GIGGAAAGAG
GGATGCCCAG
GCACATGCTT
CCGAACCACG
CCACAACCCG
AGATGGATTG
GCTATGACTG
CGGCTGTCAG
CGGTGCCCTG
CCACGACGGG
GGAAGGGACT
ATCTCACCTT
GGCGGCTGCA
AAACATCGCA
TCAGGATGAT
TCGCCAGCECT
CATGGCGATG
TGGATTCATC
TAGCGTTGGC
GACCGCTTCC
CGCCTTCTAT
GAGCTCCCTG
GITTGCCCCT
TGTCCTTTCC
GICATTCTAT
TGGGAAGACA
TGAGGCGGAA
TCCAAACTCA
CTAGACGCTTG
ATCCCGCTCAC
GCCTGGEGTG
ACTGCCCCCT
TCGGCCAACG
TCCTCGCTCA
ATCAGCTCAC
ACGCAGGAAA
AAAAAGGCCG
GCATCACAAA
TATAAAGATA
GITCCGACCC
AAGCGTGGECG
AGGTCGITCG
GACCGCTGCG
ACACGACTTA
CGAGGTATGT
GGCTACACTA
TACCTTCGGA
CTGGTAGCGG
AAAGGATCTC
GIGGAACGAA
GGATCTTCAC
TAAAGTATAT
TGAGGCACCT
GACTCCCCGT
CCCAGTGCTG
ATCAGCAATA
CAACTTTATC
GTAAGTAGIT
AGGCATCGTG
GITCCCAACG



8351
8401
8451
8501
8551
8601
8651
8701
8751
8801
8851
8901
8951

ATCAAGGCGA
CCTTCGGTCC
CTCATGGTTA
AAGATGCTTT
AGTGTATGCG
ACCGCGCCAC
TTCGGGGECGA
TGTAACCCAC
AGCGTTTCTG
AATAAGGECG
ATTATTGAAG
GAATGTATTT
AAAAGTGCCA

GITACATGAT
TCCGATCGIT
TGGCAGCACT
TCTGTGACTG
GCGACCGAGT
ATAGCAGAAC
AAACTCTCAA
TCGTGCACCC
GGTGAGCAAA
ACACGGAAAT
CATTTATCAG
AGAAAAATAA
CCTGACGTC

7.1.9 Thy-1 insert sequence

1
51
101
151
201
251
301
351
401
451

ATGAACCTGG
CCGAGGGCAG
TTCGTCTGGA
GAGITCAGCC
GGGGEGTGCCT
ACAACATGAA
ACCTACACGT
CCAGAACGTC
GCCTGCTGEC
TCCCTCCTCC

CCATCAGCAT
AAGGTGACCA
CTGCCGCCAT
TGACCCGTGA
GAGCACACAT
GGICCTCTAC
GTGCACTCCA
ACAGITGCTCA
TCAGAACACC
AGGCCACGGA
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CCCCCATGIT
GICAGAAGTA
GCATAATTCT
GIGAGTACTC
TGCTCTTGCC
TTTAAAAGTG
GGATCTTACC
AACTGATCTT
AACAGGAAGG
GITGAATACT
GGITATTGIC
ACAAATAGGG

CGCTCTCCTG
GCCTAACGGC
GAGAATACCA
GACAAAGAAG
ACCGCTCCCG
TTATCCGCCT
CCACTCTGEC
GAGACAAACT
TCGTGGCTGC
TTTCATGICC

GIGCAAAAAA
AGTTGGECCGC
CTTACTGICA
AACCAAGTCA
CGGCGTCAAT
CTCATCATTG
GCTGTTGAGA
CAGCATCTTT
CAAAATGCCG
CATACTCTTC
TCATGAGCGG
GTTCCGCGCA

CTAACAGTCT
CTGCCTAGTG
GCAGTTCACC
CACGTCGCTCT
AACCAACTTC
TCACTAGCAA
CATTCCCCAC
GGTCAAGTGT
TGCTGCTCCT
CTGIGA

7.1.10pIRESneo-Thy-1 (pIRESneo with a Thy-1 insert)

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601

GACGGATCGG
TGCTCTGATG
GGAGGTCGCT
GCTTGACCGA
CTGCTTCGCG
TAGTTATTAA
TGGAGITCCG
CCCAACGACC
AACGCCAATA
AAACTGCCCA
CCTATTGACG
CATGACCTTA
TCGCTATTAC
TAGCGGITTG
TGGGAGITTG
ACAACTCCGC
GICTATATAA
GCTTATCGAA
GAGCTCGGAT
CTCCTGCTAA
AACGGCCTGC
ATACCAGCAG
AAGAAGCACG
CTCCCGAACC
CCGCCTTCAC
TCTGGCCATT
CAAACTGGTC
GGCTGCTGCT
ATGICCCTGT
GGAATTAATT
CTCAAAAGCG
AGGAGGATTT
GCGTCCATCT

GAGATCTCCC
CCGCATAGIT
GAGTAGTGCG
CAATTGCATG
ATGTACGGCEC
TAGTAATCAA
CGITACATAA
CCCGCCCATT
GGGACTTTCC
CTTGGCAGTA
TCAATGACGG
TGGGACTTTC
CATGGIGATG
ACTCACGGEGEG
TTTTGGCACC
CCCATTGACG
GCAGAGCTCT
ATTAATACGA
CGATATCTGC
CAGTCTTGCA
CTAGTGGACC
TTCACCCATC
TCCTCTTTGG
AACTTCACCA
TAGCAAGGAC
CCCCACCCAT
AAGTGTGAGG
GCTCCTGCTC
GAAATTCAGT
CGCTGICTGC
GGCATGACTT
GATATTCACC
GGTCAGAAAA

GATCCCCTAT
AAGCCAGTAT
CGAGCAAAAT
AAGAATCTGC
CAGATATACG
TTACGGGGTC
CTTACGGTAA
GACGTCAATA
ATTGACGTCA
CATCAAGTGT
TAAATGGECCC
CTACTTGGCA
CGGTTTTGGEC
ATTTCCAAGT
AAAATCAACG
CAAATGGGECG
CTGGCTAACT
CTCACTATAG
GGCCGCATGA
GGTCTCCCGA
AGAGCCTTCG
CAGTACGAGT
CACTGTGGGG
GCAAATACAA
GAGGGCACCT
CTCCTCCCAG
GCATCAGCCT
TCCCTCTCCC
GGATCCACTA
GAGGGCCAGC
CTGCGCTAAG
TGGECCCGCCG
GACAATCTTT

GGICGACTCT
CTGCTCCCTG
TTAAGCTACA
TTAGGGTTAG
CGITGACATT
ATTAGTTCAT
ATGGECCCGCC
ATGACGTATG
ATGGGTGGAC
ATCATATGCC
GCCTGGCATT
GTACATCTAC
AGTACATCAA
CTCCACCCCA
GGACTTTCCA
GTAGGCGTGT
AGAGAACCCA
GGAGACCCAA
ACCTGGCCAT
GGGCAGAAGG
TCTGGACTGC
TCAGCCTGAC
GTGCCTGAGC
CATGAAGGTC
ACACGTGTGC
AACGTCACAG
GCTGGCTCAG
TCCTCCAGCC
GIAACGGCCG
TGITGGEGEGTG
ATTGICAGIT
TGATGCCTTT
TTGITGTCAA

GCGGTTAGCT
AGTGITATCA
TGCCATCCGT
TTCTGAGAAT
ACGGGATAAT
GAAAACGTTC
TCCAGTTCGA
TACTTTCACC
CAAAAAAGGG
CTTTTTCAAT
ATACATATTT
CATTTCCCCG

TGCAGGTCTC
GACCAGAGCC
CATCCAGTAC
TTGGCACTGT
ACCAGCAAAT
GGACGAGGEC
CCATCTCCTC
GAGGGCATCA
GCTCTCCCTC

CAGTACAATC
CTTGIGIGIT
ACAAGGCAAG
GCGTTTTGCG
GATTATTGAC
AGCCCATATA
TGGCTGACCG
TTCCCATAGT
TATTTACGGT
AAGTACGCCC
ATGCCCAGTA
GTATTAGTCA
TGGGCGTGGA
TTGACGTCAA
AAATGTCGTA
ACGGTGGGAG
CTGCTTACTG
GCTTGGTACC
CAGCATCGCT
TGACCAGCCT
CGCCATGAGA
CCGTGAGACA
ACACATACCG
CTCTACTTAT
ACTCCACCAC
TGCTCAGAGA
AACACCTCGT
CACGGATTTC
CCAGTGTGCT
AGTACTCCCT
TCCAAAAACG
GAGGGTGECC
GCTTGAGGTG



1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701

TGGCAGGCTT
TGCCTTTCTC
ATGCATCTAG
TTACTGGECCG
TGATTTTCCA
TGGCCCTGIC
AAGGAATGCA
GCTTCTTGAA
CCCCCCACCT
ATACACCTGC
GITGTGGAAA
GAAGGATGCC
GGIGCACATG
CCCCCGAACC
TTGCCACAAC
ACAAGATGGA
TCGGCTATGA
TTCCGECTGT
GICCGGTGCC
TGGCCACGAC
GCGGEGAAGGG
GICATCTCAC
TGCGGCGECT
GCGAAACATC
CGATCAGGAT
TGTTCGCCAG
ACCCATGECG
TTCTGGATTC
ACATAGCGIT
GCTGACCGCT
CATCGCCTTC
CTAGAGCTCG
GITGITTGCC
CACTGICCTT
GGIGICATTC
GATTGGGAAG
TTCTGAGECG
TTGTCCAAAC
TAGCTAGAGC
GITATCCGCT
AAAGCCT GGG
TCACTGCCCG
AATCGGCCAA
CTTCCTCGCT
GITATCAGCTC
TAACGCAGGA
GTAAAAAGGC
GAGCATCACA
ACTATAAAGA
CTGTTCCGAC
GGAAGCGTGG
GTAGGTCGIT
CCGACCCCTG
AGACACGACT
AGCGAGGTAT
ACGGCTACAC
TTACCTTCGG
GCTGGTAGCG
AAAAGGATCT
AGTGGAACGA
AGGATCTTCA
CTAAAGTATA

GAGATCTGGC
TCCACAGGTG
GGCGGCCAAT
AAGCCECTTG
CCATATTGCC
TTCTTGACGA
AGGICTGITG
GACAAACAAC
GGCGACAGGT
AAAGGCGGCA
GAGICAAATG
CAGAAGGTAC
CTTTACATGT
ACGGGGACGT
CCGGGATAAT
TTGCACGCAG
CTGGGCACAA
CAGCGCAGGG
CTGAATGAAC
GGGCGITCCT
ACTGGCTCGCT
CTTGCTCCTG
GCATACCCTT
GCATCGAGCG
GATCTGGACG
GCTCAAGECG
ATGCCTGCTT
ATCGACTGIG
GGCTACCCGT
TCCTCGTGCT
TATCGCCTTC
CTGATCAGCC
CCTCCCCCGT
TCCTAATAAA
TATTCTGGGG
ACAATAGCAG
GAAAGAACCA
TCATCAATGT
TTGGCGTAAT
CACAATTCCA
GTGCCTAAGA
CTTTCCAGTC
CGCGCGGEEEA
CACTGACTCG
ACTCAAAGGC
AAGAACATGT
CGCGITGCTG
AAAATCGACG
TACCAGGCGT
CCTGCCCCTT
CGCTTTCTCA
CGCTCCAAGC
CGCCTTATCC
TATCGCCACT
GIAGGCGGTG
TAGAAGGCAG
AAAAAGAGTT
GIGGTTTTTT
CAAGAAGATC
AAACTCACGT
CCTAGATCCT
TATGAGTAAA
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CATACACTTG AGIGACAATG ACATCCACTT

TCCACTCCCA
TCCGCCCCTC
GAATAAGGECC
GICTTTTGGEC
GCATTCCTAG
AATGICGTGA
GICTGTAGCG
GCCTCTGCGG
CAACCCCAGT
GCTCTCCTCA
CCCATTGTAT
GITTAGTCGA
GGITTTCCTT
TCCTGCAGCC
GITCTCCGGEC
CAGACAATCG
GCGCCCGGIT
TGCAGGACGA
TGCGCAGCTG
ATTGGGCGAA
CCGAGAAAGT
GATCCGGCTA
AGCACGTACT
AAGAGCATCA
CGCATGCCCG
GCCGAATATC
GCCGEGECTGEEG
GATATTGCTG
TTACGGTATC
TTGACGAGIT
TCGACTGIGC
GCCTTCCTTG
ATGAGGAAAT
GGIGCEGETGG
GCATCCTGGEG
GCTGGGEECTC
ATCTTATCAT
CATGGTCATA
CACAACATAC
GIGAGCTAAC
GGGAAACCTG
GAGGCGGTTT
CTGCGCTCGG
GGTAATACGG
GAGCAAAAGG
GCGITTTTCC
CTCAAGTCAG
TTCCCCCTGG
ACCGGATACC
ATGCTCACGC
TGGECTGTGT
GGTAACTATC
GGCAGCAGCC
CTACAGAGIT
TATTTGGTAT
GGTAGCTCTT
TGTTTGCAAG
CTTTGATCTT
TAAGGGATTT
TTTAAATTAA
CTTGGTCTGA

GGICCAACTG
TCCCTCCCCC
GGIGTGCGTIT
AATGTGAGGG
GGGICTTTCC
AGGAAGCAGT
ACCCTTTGCA
CCAAAAGCCA
GCCACGITGT
AGCGTATTCA
GGGATCTGAT
GGTTAAAAAA
TGAAAAACAC
AATATGGGAT
CGCTTGGGTG
GCTGCTCTGA
CTTTTTGICA
GGCAGCGCGG
TGCTCGACGT
GIrGCCGEEEC
ATCCATCATG
CCTGCCCATT
CGGATGGAAG
GGGECTCECG
ACGGCGATGA
ATGGTGGAAA
TGTGGCGGAC
AAGAGCTTGG
GCCGCTCCCG
CTTCTGAGGG
CTTCTAGITG
ACCCTGGAAG
TGCATCGCAT
GGCAGGACAG
GATGCGGTGG
GAGIGCATTC
GTCTGTATAC
GCTGITTCCT
GAGCCGGAAG
TCACATTAAT
TCGTGCCAGC
GCGTATTGGG
TCGITCGGECT
TTATCCACAG
CCAGCAAAAG
ATAGGCTCCG
AGGTGGCGAA
AAGCTCCCTC
TGTCCCCCTT
TGTAGGTATC
GCACGAACCC
GICTTGAGTC
ACTGGTAACA
CTTGAAGT GG
CTGCGCTCTG
GATCCGGCAA
CAGCAGATTA
TTCTACGGGEG
TGGTCATGAG
AAATGAAGTT
CAGTTACCAA

CAGGTCGAGC
CCCCCTAACG
TGTCTATATG
CCCGGAAACC
CCTCTCGCCA
TCCTCTGGAA
GGCAGCGGAA
CGIGTATAAG
GAGITGGATA
ACAAGGGEGECT
CTGGGGECCTC
ACGTCTAGGC
GATGATAAGC
CGGCCATTGA
GAGAGGCTAT
TGCCGCCGTG
AGACCGACCT
CTATCGTGGC
TGTCACTGAA
AGGATCTCCT
GCTGATGCAA
CGACCACCAA
CCGGTICTTGT
CCAGCCGAAC
TCTCGTCGTG
ATGGECCGCTT
CCCTATCAGG
CGGCGAATGG
ATTCGCAGCG
GATCAATTCT
CCAGCCATCT
GI'GCCACTCC
TGTCTGAGTA
CAAGGGGGAG
GCTCTATGGEC
TAGITGTGGT
CGICGACCTC
GIGTGAAATT
CATAAAGTGT
TGCGTTGCGC
TGCATTAATG
CGCTCTTCCG
GCGGCGAGCG
AATCAGGGGA
GCCAGGAACC
CCCCCCTGAC
ACCCGACAGG
GIGCGCTCTC
TCTCCCTTCG
TCAGTTCGGT
CCCGITCAGC
CAACCCGGTA
GGATTAGCAG
TGGCCTAACT
CTGAAGCCAG
ACAAACCACC
CGCGCAGAAA
TCTGACGCTC
ATTATCAAAA
TTAAATCAAT
TGCTTAATCA



4751
4801
4851
4901
4951
5001
5051
5101
5151
5201
5251
5301
5351
5401
5451
5501
5551
5601
5651
5701

GIGAGGCACC
TGACTCCCCG
CCCCAGTGCT
TATCAGCAAT
GCAACTTTAT
AGTAAGTAGT
CAGGCATCGT
GGITCCCAAC
AGCGGTTAGC
CAGIGITATC
ATGCCATCCG
ATTCTGAGAA
TACGGGATAA
GGAAAACGTT
ATCCAGTTCG
TTACTTTCAC
GCAAAAAAGG
CCTTTTTCAA
GATACATATT
ACATTTCCCC

TATCTCAGCG
TCGTGTAGAT
GCAATGATAC
AAACCAGCCA
CCGCCTCCAT
TCGCCAGTITA
GGIGTCACGC
GATCAAGGECG
TCCTTCGGTIC
ACTCATGGTIT
TAAGATGCTT
TAGTGTATGC
TACCGCGCCA
CTTCGGGEECG
ATGTAACCCA
CAGCGITTCT
GAATAAGGGC
TATTATTGAA
TGAATGTATT
GAAAAGTGCC
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ATCTGICTAT
AACTACGATA
CGCGAGACCC
GCCGGAAGGG
CCAGTCTATT
ATAGTTTGCG
TCGICGTTTG
AGTTACATGA
CTCCGATCGT
ATGGCAGCAC
TTCTGTGACT
GGCGACCGAG
CATAGCAGAA
AAAACTCTCA
CTCGTGCACC
GGGTGAGCAA
GACACGGAAA
GCATTTATCA
TAGAAAAATA
ACCTGACGTC

TTCGITCATC
CGGGAGGECT
ACGCTCACCG
CCGAGCGCAG
AATTGITGCC
CAACGITGTT
GIATGCCTTC
TCCCCCATGT
TGTCAGAAGT
TGCATAATTC
GGTGAGTACT
TTGCTCTTGC
CTTTAAAAGT
AGGATCTTAC
CAACTGATCT
AAACAGGAAG
TGITGAATAC
GGGTTATTGT
AACAAATAGG

CATAGITGCC
TACCATCTGG
GCTCCAGATT
AAGTGGTCCT
GGGAAGCTAG
GCCATTGCTA
ATTCAGCTCC
TGTGCAAAAA
AAGTTGGECCG
TCTTACTGIC
CAACCAAGTC
CCGGCGTCAA
GCTCATCATT
CGCTGITGAG
TCAGCATCTT
GCAAAATGCC
TCATACTCTT
CTCATGAGCG
GGITCCGCGC



