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Introduction

Growth factor receptors define the linkage point between extuéarelevents and the
intracellular responses, activating a plethora of signall@aghways. Transmembrane
receptors proteins play critical roles in either development adtemance of the cellular
biology and are strongly correlated with the occurrence of dis&wwe \F, 2005). More
than other, the brain tissue is the most sensitive to the peesémrowth factors and, the
differential expression of their specific receptors, amplifg tomplexity of the system.
Neurotrophin are the specific growth factors in the nervous systémy were first
identified as survival factors for sympathetic and sensory netmanis is appreciated that
they regulate many aspects of neuronal development and function, inclkyhagse
formation and synaptic plasticity-éwin & Barde 1996 Bibel & Barde 2000 Kaplan &
Miller 2000, Huang et al. 20Q1Poo 2001 Shooter 2001Sofroniew et al. 20Q1Dechant &
Barde 2002Chao 2003Huang & Reichardt 2003_u et al. 200% The first Neurotrophin
identified was the Nerve Growth Factor (NGF), searching @iovigal factors that could
explain the deleterious effects of deletion of target tissueth@rsubsequent survival of
motor and sensory neuroriefi-Montalcini 1987 Shooter 200l The second neurotrophin
to be characterized was the Brain-Derived Neurotrophic FaBONFE) purified from pig
brain as a survival factor for several neuronal populations not regpdadNGF Barde et
al. 1983. Given the conserved features of the sequences, it has &gien to clone the
other members of the family. Together with the NGF (Nervew@rd-actor) and BDNF
(Brain Derived Neurotrophin Factor) other two factors are repaaei@dr in mammals, the
NT-3 and the NT-4 (Neurotrophin-3 and 4). It is known that neurothrophins &ave
important role in the development and function of neurons either in tlimkcand in the
peripheral nervous systems, including precursor proliferation and d¢oramj cell
survival, axon and dendrite growth, membrane trafficking, synfgpe®ation and function,
as well as glial differentiation and interactions with neurdislogical effects of each of
the four mammalian neurotrophins are mediated through activation of anererof the
three members of the tropomyosin-related kinase (Trk) faofilceptor tyrosine kinases
(TrkA, TrkB and TrkC). In addition, all neurotrophins activate hé5 neurotrophin

receptor p75NTR, a member of the tumour necrosis factor receptofasuihe
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NGF is the best characterised member of the family and is kbowignal for opposite
effects through interaction with two distinct families of qgoes: activation of cell survival
by TrkA and induction of cell death by binding to p75NTR. Engagement oféeldptors
leads to activation of well characterized pathway like Ra®sphatidylinositol 3-kinase,
phospholipase C-gammal and the mitogen-activated protein kinas#se Other side, the
molecular mechanisms mediated by p75NTR still remain to define #éneigh the JNK,
NF-kB and ceramide have been implicated (Huang and Reichardt, 2003hi€akstudies
point to the therapeutic potential of neurotrophic factors in prevemtinglowing the
progression of neurodegenerative conditions. Given the difficultiesenheith a protein
therapeutic approach to treating central nervous system disard@essing attention has
turned to the development of alternative strategies relatethd signalling pathways

involved in the neurodegenaration (Reichardt LF, 2006).



1.0 Neurotrophins and Neurotrophin Receptors

The neurotrophins and their genes share homologies in sequence ahdestand the
organization of the genomic segments adjacent to these genagsaled to be similar.
Together, these observations provide evidence that the neurotropi@s fave arisen
through successive duplications of a portion of the genome deriged d&n ancestral
chordate Idallbook 1999. Their genes share many similarities, including the existehce
multiple promoters. The protein product of each gene includes a siggaknce and a
prodomain, followed by the mature Neurotrophin sequence (Hempstead280&). Thus,
each gene product must be processed by proteolysis to form a matane. gxaecent work
has demonstrated that regulation of their maturation is an iamgopbst-transcriptional
control point that limits and adds specificity to their actidnse(et al. 2001 The mature
neurotrophin proteins are non-covalently associated homodimers. Aithcogne
neurotrophin monomers are able to form heterodimers with other neurotrophomersn
vitro, there is no evidence that these heterodimers exist at sagrtitoncentrations vivo.
Each of these four proteins shares a highly homologous strudithréeatures tertiary fold
and cysteine knot that are present in several other growthdaatcluding transforming
growth factorB (TGF{) and platelet derived growth factor (PDGF). Additional
neurotrophins have been isolated from fish, where NT-6 and NT-7lde@recharacterized
but they do not have orthologues in mammals or birds. The biolodieait eof the

neurotrophins is mediated by interaction with two distinct classesceptors:

» Trk receptors (tropomyosin- related kinase)

* pP75NTR (p75Neurotrophin Receptor)
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Fig. 1. Neurotrophin and Neurotrophin receptors. This illustrates the major interactions of each of fiour
mammalian neurotrophins. Each proneurotrophin binds pRGNout not the Trk receptors. Following maturation
through proteolysis of the proneurotrophins, each maleaerotrophin is able to bind and activate p75NTR, but
exhibits more specific interactions with the three Tekeptors. NGF binds specifically TrkA; BDNF and NT4
recognize TrkB; NT3 activates TrkC. In some cellulantegts, NT3 is also able to activate TrkA and TrkB withsl
efficiency. Differential splicing generates isoformsTekB and TrkC that have truncated cytoplasmic domainsrgcki

a tyrosine kinase motif. Splicing also generates anrisobf TrkC with a small insert in the kinase domairt tiffects
substrate specificity. Splicing of exons that genethte extracellular domain of each Trk receptor resultshe
expression of receptors with small peptide inserts betiee second immunoglobin and transmembrane domains that
affect ligand-binding specificity. Ligand-binding specificisyalso affected by the presence of p75NTR.



1.1 The Trk receptors

TrkA was originally characterized as a transforming oncogenghich tropomyosin was
fused to an unknown tyrosine kinase (Martin-Zanca et al., 1989)cdrnesponding proto-
oncogene was shown to be a member of a highly related familynsiteanbrane tyrosine
kinases which were expressed in discrete neuronal populations andbshith and were
activated by specific neurotrophins, with TrkA preferentially buigdNGF, TrkB preferring
BDNF and NT-4/5, and TrkC interacting with NT-3 (Klein et, 41990, 1991a,b; Cordon-
Cardo et al., 1991; Kaplan et al.,1991a,b; Lamballe et al., 1991; Ssmdet1991; Squinto
et al., 1991; Ip et al., 1993b). In the absence of p75NTR, high congamdrat NT-4/5 can
activate TrkA and likewise, NT-3 can activate TrkA and TrRBI-3 is therefore a non-
preferred ligand for TrkA and TrkB, and NT-4 is a non-preferrechtigior TrkA (Segal
and Greenberg, 1996). All Trk receptors are Type | transmembraneingrahat are
members of the receptor tyrosine kinase superfamily (Martin&anal., 1989; reviewed in
Ip and Yancopoulos, 1994; Barbacid, 1995). The extracellular domainss{Es&€the Trk
receptors contain two cysteine-rich regions (domains 1 and 3jrftaaKeucine-rich repeat
(domain 2), followed by two immunoglobulin (IgG)-like domains in thetamembrane
region (domains 4 and 5; Windisch et al., 1995). Binding and deletiorestodi TrkA,
TrkB and TrkC indicate that domain 5 is responsible for neurotrdghating (Urfer et al.,
1995, 1998; Perez et al., 1995; Ultsch et al., 1999), with the secondeleiotr domain

having a modulatory, perhaps indirect, role in ligand interactiond\ach et al., 1995).



1.2 Thelow affinity Neurotrophin receptor p7/5NTR

The first Neurotrophin receptor discovered was p75 neurotrophin recgptbNTR),
initially identified as a low-affinity receptor for NGF, subseqile has been shown to bind
each of the neurotrophins with a similar affinifgodriguez-Tebar et al. 1996rade and
Barde 1998; Chao and Hempstead, )9®&sed on the primary sequence and secondary
structure, p75NTR belongs to the Fas-tumor necrosis factor (Téd€ptor superfamily
with an extracellular domain that includes four cysteine-rich syaifsingle transmembrane
domain and a cytoplasmic domain that includes a juxtamembrane rdamaia ‘death’
domain similar to those present in other members of this faigpifsh et al1997 He &
Garcia 200%
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Fig. 2. Schematic representation of p75NTRExtracellular, transmembrane and intracellular domairike receptor
on the left. Solution structure of the death domainabfp75ICD on the right. Ribbon representation of resi@3és-
416. The positions of the N-terminal residues of the églare labelled. (Blochl and Blochl, 2007; Liepinsh £1997)

Recent studies have identified new mechanisms able to processépéor with subsequent
generation of soluble peptides supposed to exert new cytoplasmic oarnfioletions
(Kanning KC et al, 2003; Podlesniy et al, 2006).

Since p75NTR does not contain a catalytic motif, the signal mexdiakpends on the

interaction with cytoplasmic proteins important for regulating oealr survival and
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differentiation as well as synaptic plasticity. The complex diigigaof p75NTR makes it
difficult to formulate a unified functional model for this receptodeed, many trophic and
apoptotic activities are integrated with that of other remspand mechanisms. Synergistic
and antagonistic interactions of p75NTR and Trk receptors sucloraglex formation,
mutual inhibition, or negative control of Trk effects by p75NTR havenbextensively
investigated without defining a general model (Dechant 2001; Huan&aictardt 2003;
Teng and Hempstead 2004).
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Fig. 3. p75 neurotrophin receptor and interactor receptos. P7S5NTR has been referred to as a ‘low-affinity’
Neurotrophin receptor, but this definition should be avollesthuse proNGF binds p75NTR with an affinity similar to
that of nerve growth factor (NGF) binding to TrkA. Adtigh it lacks a kinase domain, p75NTR can cooperate with
many different protein partners and form multimeric rémegomplexes to produce a number of cellular responses,
including apoptosis, neurite outgrowth and myelination111-113arSsortilin61, LINGO-1, Nogo-66 (NgR)114 and
Trk receptors115 have been identified as co-receptors. Itiadth extracellular interactions that yield multimeric
receptor complexes, the intracellular domain of p75NTRatam interact with many different adaptor and signalling
proteins. These include neurotrophin-receptor-interacting GBA (melanoma-associated antigen) homologue
(NRAGE)116, neurotrophin-associated cell death executorD@)A17, TNF (tumour necrosis factor)-receptor-
associated factors 2 and 6 (TRAF2 and TRAF6)118,119, and nelratrepeptor-interacting factor (NRIF)120,121.
GDI, guanine-nucleotide dissociation inhibitor; MAG, myedissociated glycoprotein; OMGP, oligodendrocyte myelin
glycoprotein; RhoA, small G protein.

Beside the more characterized interaction with the Trk rece@@b6NTR can also interact
with other different cytoplasmic receptors. p75NTR can be influebgetb-receptors like
NgR and Lingol, which cooperate to prevent p75NTR activation, @lirgowhich shares
the pro-neurotrophin ligands with p75NTR and directs p75NTR activityrasvapoptosis
(Nykjaer et al. 2004; reviews: Bronfman and Fainzilber 2004; Cedi Barker 2005).
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Taking together, all these studies suggest that ratherbiiag just a co-receptor, all the
identified interactors for p75NTR can modulate, inhibit or enhanceiigities. The results

Is that the actions of the receptor may be explained by consideragdifferent biological
outcomes:

1. positive regulation of cell survival and differentiation
2. constitutive pro-apoptotic activation
3. ligand dependent p75NTR cell death
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1.1.1 p75NTR as a positive regulator of cell survival and differentiation

In neurotrophin-responsive neuronal populations, p75NTR and Trk receptor meanbers
frequently co-expressed, particularly in the vertebrate periphenabusesystem. P75NTR
provides a positive modulatory influence on TrkA function by increpsite number of
high affinity binding sites (Mahadeo et al, 1994). Regulation di-aifnity site formation
by co-expression of TrkA and p75NTR provides an explanation for how thesptoes
may cooperate to increase Neurotrophin responsiveness during devalopnuzed,
neuronal cell lines express both receptors have an enhanced autophosphooyl@tkA,
leading to a faster differentiative response with NGF (Vetdil, 1994). The general feeling
proposes that the cell survival is enhanced by a higher rap@5MTR to Trk receptors.
Indeed, considering p75NTR null mice it has been found a selectseslas sensory and
sympathetic innervations. From neonatal p75NTR null mice, sympatheiions required
higher concentrations of NGF to survive than neurons from normal aticearlier
developmental stages (Lee et al, 1994). To explain how p75NTR can ateodirk
receptors functions two models have been proposed so far. The fadigand passing
mechanism, which predicts that the high-affinity state is élsalt of ligand presentation by
p75NTR to the TrkA receptor (Barker and Shooter, 1994). The second predaidts that
p75NTR and TrkA are capable of a ligand-independent association, predtces a high
affinity binding interaction. (Chao and Hempstead, 1995). The second modkl predict
that conformational changes would occur to facilitate ligand bindiRass et al, 1996) All
of these observations are consistent with the hypothesis that p7&tiTéerve as a positive

influence upon TrkA function.
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1.1.2. p75NTR as a constitutively active pro-apoptotic receptor

In the1993 Bredesen and colleagues hypothesized that p75NTR was a dgatr.réased
on the observation that immortalized neural cells overexpressingjTp¥8isplay an higher
rate of apoptosis in response to serum withdrawal, they proposedtamsm of ligand-
indipendent death (Rabizadeh et al, 1993). According to this model, aggmtosioted by
p75NTR can be rescued after binding to NGF. How NGF gives avausignal through
binding to p75NTR has not been established. However, the correlatweenehigh levels
of p75NTR expression and susceptibility to apoptosis after growth fatfodrawal has
been proved also in PC12 cells supporting this mechanism of cell {@atrett and
Georgiou, 1996). Furthermore, down-regulation of p75NTR expression in atdoasal
root sensory neurons, using an antisense strategy, reveals enhanoed @arrett and
Bartlett, 1994). The phenotype of the p75NTR null mice supports a rokunonal survival
(Davies et al., 1993; Lee et al., 1994a,b) but an apoptotic functelasAnalysis of mice
has revealed a significantly higher number of cholinergic neurotisei basal forebrain in
p75NTR -/- mice compared to wild type controls (Van der Zeal.e 1996; Yeo et al.,
1997). These observations indicate that the absence of p75NTR resuleszdthanced
survival, similar to the antisense effects observed in postsenaory neurons (Barrett and
Bartlett, 1994).
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1.1.2. Ligand-dependent p75NTR cell death

Several lines of evidence now firmly support that neurotrophins cawvelgckill cells
through direct engagement of its p75NTR receptor. Both in vitro rand/o evidence has
indicated that neurotrophins and p75NTR are required for apoptosis acfiveeleell
populations. In contrast to the model of NGF rescue through p75NTR, dtikess
demonstrate that cultured trigeminal neurons at embryonic age relkillad by NGF
through binding to p75NTR (Davey and Davies, 1998). The cell death r@@sTR is
elicited upon injury or traumatic conditions. Similarly, culturechlgtells, such as fully
differentiated oligodendrocytes, express elevated levels of p75KeT &ffactively killed by
NGF (Casaccia-Bonnefil et al., 1996). The apoptotic effectp@NTR are not only
enhanced by NGF binding but, in certain conditions, also by high concemérat BDNF
and other neurotrophins. Postnatal sympathetic neurons express p75NTRAanbutare
killed by BDNF-mediated activation of p75 (Bamiji et al., 1998).NgDfor survival are
killed by NT-4 through binding to p75NTR (Agerman et al., 1999)m&ury cell culture
experiments demonstrated that p75NTR was necessary for neurorsalrealal promoted
by BDNF, but NT-4 binding to p75 induced cell death. This remarkablef sdiservations
indicates that p75NTR and Trk receptor can simultaneously influafe@nid-death
decisions in neurons depending upon which ligands are available. senrased by these
experiments is that although all neurotrophins (NGF, BDNF, NTR8, MT-4) bind to
p75NTR with similar affinity, each neurotrophin may exert diffeedifidcts on cell function
and viability through p75NTR. For example, the effect of NGF ogodiendrocyte cultures
could not be reproduced by similar concentrations of BDNF or NT-3. Fartiner in PC12
cells treated with antisense oligonucleotides to downregulate &xk#ession, BDNF but
not NGF can rescue cells from serum-withdrawal (Tagliagagelal., 1996). A very likely
explanation for the effect of distinct neurotrophins in the oligodendrasydtem is the
presence of TrkB and TrkC receptors in these cells (Cohen,et98l6).An alternative
explanation for cells not expressing other Trk receptors is tHerehtial ability of
neurotrophins to activate distinct signal transduction pathwaysefGatrial., 1996; Carter
and Lewin, 1997). This hypothesis is also supported by striking diffesandhe kinetics of

binding and the degree of positive cooperativity of each neurotrophin to BZ5NT
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(Rodriguez-Tebar et al., 1990, 1992). A related explanation may inddhesent adaptor

molecules that are associated with the receptor.
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2. Downstream cell death signalling of p75NTR

Since the many effects modulated by p75NTR, it is reasonable tidiadtion of as such
high number of interactors that bind the intracellular domain ofréceptor. Several
different p75NTR interacting molecules, with and without catalgiitivity, have been
identified to date (Gentry et al, 2004). Non-catalytic interaciodude a series of
scaffolding and adaptor-like molecules, such as caveolin-1 (Bdgé&r et al, 1997),
Bex3/NADE (Mukai et al, 2000) and TRAF6 (Khursigara et al, 1939glral, 1999); larger
proteins containing zinc-finger domains with some degree of nuldealization, such as
NRIF1/2 (Casademunt et al, 1999) and SC-1 (Chittka and Chao, 199%eaniokers of the
MAGE homology domain family, such as NRAGE (Salehi et al, 208 necdin

(Tcherpakov et al, 2002) with proposed roles in the regulation of apepiwsbNTR

interactors with catalytic activity include serine—threonine $@sainvolved in interleukin
and NF-kB signaling, such as IRAK (Mamidipudi et al, 2002) arfd?RKhursigara et al,
2001); a protein tyrosine phosphatase (FAP-1) (Irie et al, 1999); ansirthlk GTPase
RhoA (Yamashita et al, 1999). How these p75NTR-interacting proteamnect to

downstream signaling pathways and cellular responses isnetiliclear. Some of the
principal downstream events characterized in p75NTR signallmude ceramide
production (Dobrowsky et al, 1994) and activation of the transcriptioarf&lft-kB (Carter

et al, 1996) and the c-Jun kinases JNK1-3 (Casaccia-Bonnefill&o4, Friedman, 2000;
Harrington et al, 2002; Costantini et al, 2005).
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3. p75NTR and the neurodegeneration

Alzheimer’'s Disease (AD) is the most common form of dermadntthe elderly that affects
more that 20 million people world wide . It is characterized bgm@ssive memory loss and
confusion depending on neuropathological changes that include loss of neurons,
extracellular deposition of amyloid peptide in the neuritic plaques atrdcellular
deposition of hyperphosphorylated tau protein (‘tangles’). One patholdgatale of AD is
the senile plague, whose major component is the am@lpeptide (4). Accumulation of
a 37-43 aminoacid peptide,
amyloid peptide (R), that derives
from multiple proteolytic
cleavage of a large
transmembrane precursor,
amyloid precursor protein (APP),
by specific enzymes belonging to
the secretase family.

Alzheimer cells

Fig. 4. Representation of senile plaques in
AD brain

healthy cells

The generation of B peptide is a physiological peptide derives from an amyloid precursor
protein that can be processed in different ways by different setszgines. One pathway
leads to amyloid plaque formation (amyloidogenic), while another does (noot-
amyloidogenic). Usually about 90% of APP enters the non-amyloidogathavay, and

10% the amyloidogenic one, but these ratios can change due to mutatisinenmental
factors, as well as the age of the individual. Cleavage preduarh both these pathways

may play important roles in neural development and function.
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In the non-plaque-forming pathwayAPP is cleaved first bg-secretase to yield a soluble
N-terminal fragment (SARBP and a C-terminal fragment (CTFa). sAPmay be involved

in the enhancement of synaptogenesis, neurite outgrowth and neuronedlswanwd are
considered to be neuroprotective. @TiE retained in the membrane, where it is acted upon
by presenilin-containing-secretase to yield a soluble N-terminal fragment (p3) and a
membrane-bound C-terminal fragment (AICD, or APP intracellubanan). AICD may be
involved in nuclear signalling via transcriptional regulationwadl as axonal transport
through its ability to associate with a host of different proteins.

In the plague-forming pathwayAPP is cleaved first by a different enzyriesecretase (a
transmembrane aspartic protease), yielding a soluble N-tdrimaggment (SAPB) and a
membrane-bound C-terminal fragment (@) F This cut is made closer to the N-terminal
end of APP than the cut witir-secretase, making CBHonger than CT&. CTH3 is then
acted upon by-secretase (as occurred in the previous pathway), yielding aoraeel
bound C-terminal fragment (AICD) the same as before, and a s®ulgiaminal fragment

(amyloid{f3, or AB) that is longer than p3.
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AP can be accumulated in the extracellular cortex neurons and bedalain nuclei where
it can aggregate to form amyloid plaques exerting deleterioustef neuronal and
synaptic function, ultimately causing neuronal cell death. Majot pa AD cases are
sporadic without a known aetiology
. connection. However, some cases are
0 associated with mutations of genes that
E are involved in the APP expression,
proteolytic processing, or in the
changes in B stability or aggregation.
These in turn result in a chronic

imbalance between Ab production and

clearance. The gradual accumulation of
aggregated B may initiate a complex,
multistep cascade that includes gliosis,
Fig. 6. Progression of neurodegeneration in brain in AD inflammatory changes and formation of
neurofibrillary tangles.

In this scenario, an hypothesis that has been put forward to exipbametiology of AD

arises the connection between the occurance of the pathology witkeuhetfdphic factors,

. . _ alzheimer’s Q_') association’
suggesting a causal link (Rabizadeh et al, 1'

An early indicator of Alzheimer’'s disease is the degeneratioth®fcholinergic basal
forebrain neurons, which express the highest levels of the pan neunotnauaptor
(p75NTR) in the adult brain (Gibbs et al. 1989). These neurons are dependisi@F-
mediated survival signalling through TrkA which, unlike p75NTR, reduced in
Alzheimer’'s disease patients. In addition, p75NTR is also exutaasthe Trk-negative,
degenerating cortical neurons of Alzheimer’'s disease suffesesstuation which is not
reflected in healthy elderly subjects (Mufson et al. 1992). Furtbrermthe neurotrophins,
acting differentially through Trk receptors and p75NTR, appeaedalate the expression
and cleavage of the amyloid protein precursor (APP; Costantini 20@5a), potentially
regulating the generation offAwith ageing. Given that up-regulation and ligand activation
of p75NTR have been widely shown to mediate neural cell death in amodgls of

neurodegenerative disease (Coulson et al. 2000a; Dechant and Barde @002and
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Barker 2002) and that the pro-form of NGF, which selectively biog 6NTR to promote
neuronal death (Lee et al. 2001), is increased in Alzheimer' sasis@-ahnestock et al.
2001; Peng et al. 2004), the receptor is a strong candidate for indethemdediating the

degeneration occurring in Alzheimer’s disease.

3.1 ABbinds to p75NTR

Further support to the hypothesis that p75NTR could be a mediator of thexy&ffect
induced by deposition of[Aderives from the study of Mina Yaar in which they proved the
direct binding. In 1997 Yaar et al. reported th@t 240 binds to and immunoprecipitates
with p75NTR (Yaar et al. 1997). In the brain, this protein is expreasthe highest level

by the cholinergic neurons of the basal nuclear complex, which aréiveerie AS
neurotoxicity, and undergo degeneration in AD. In contrast, the neurons otbtteergic
complexes in the brain (pedunculoponine and lateral tegmental nucldigmeitpress
p75NTR nor undergo degeneration in AD, suggesting that the vulnegrabibiasal nuclear
neurons and their projections may be related to their high-level exqress p75NTR
(Rabizadeh et al,1994). The use of rat cortical neurons and aeedngineered to express
p75NTR has demonstrated that P75NTR binds specificalB; B&d that this binding is
followed by apoptosis (Yaar et al, 1997; 2002). The binding [@ftéAP75NTR activates
NF-kB in a time- and dose-dependent manner. Blockade of the tneraetween f and
p75NTR with nerve growth factor or inhibition of NFKB activation lmraumin or NFKB
SN50 attenuated or abolishe@@Anduced apoptotic cell death (Kuner et al, 1998). Other
studies have shown that P75NTR may be present in a trimer hatnbinhds 4 to induce
receptor activation, and thatBAbinds to both the p75NTR trimer and the P75NTR
monomers. In neuronal hybrid cells, it has been confirmed that p75NTate®di3
toxicity, and that the p75NTR-mediatedf3 Aneurotoxicity involves Go, c-jun kinase,
reduced nicotinamide adenine dinucleotide oxidase and caspases Han{dtu et al,
2003). However, it has been reported that, in human primary neuroniurec p75NTR
protects against extracellularBAnediated apoptosis. This neuroprotection might occur
through a P13Kdependent pathway. The reason for this difference magplamed by

differential activation of a signal transduction pathway in prynneurons versus tumour
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cell lines, a cell-type or species-specific effect @, Ar a differential expression of the
other neurotrophic receptors (Zhang et al, 2003). Along with this hypsthaher studies
focused their attention on the possible mechanism that can baet@fter binding of A

to p75NTR. In the 2002 Perini et al identified a specific cytopiasilomain that resulted to
be essential for the mediation of th@ 2ell death (Perini et al, 2002). To this purpos, A
has been tested for the neuronal toxicity on a SK-N-BE neuroblasthiae devoid of all
Neurotrophin receptors, and on several SK-N-BE derived cell cleities expressing the
full-length or truncated forms of p75NTR . It has been found that prGpIAys a direct
role in A3 cell death through the signalling function of the death domain).(DD
Furthermore, it has been showed that the cell death is caspaswlat@pen particular

through activation of caspase-8 and oxidative stress.

22



Results
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P75NTR signals cell-death upon binding to the B peptide and
recruiting TNFR1-associated death domain (TRADD)

1.1 p75""/TNFR1 conserved death domain aminoacidic residues are
required to trigger Abeta peptidesinduced cell death

In the past years it has been shown that p75NTR signals cell deattbimplang to thep-
amyloid peptide (B) (Yaar et al,1997; Kuner et al,1998; Costantini et al,2005).

In a previous study published from this laboratory, it has beenogedpthat p75NTR
activates apoptosis through the Death Domain (DD) that charastethe cytoplamic
sequence of the receptor (Perini et al,2002). In this furthey,stwel deeper analyze the
mechanism by which p75NTRDD signals cell death putting forward a deteled map of
the domain. Furthermore, we describe one of the possible initiad stiethe cytotoxic
effects induced by P correlating p75NTR with the changes that occur in Alzheimer’s
disease.

In our studies the cell system of reference is a Neuroblastelnine (SK-N-BE) that does
not express any neurotrophic receptors at detectable level andldhatsto better define
the unique role of the p75NTR in the signal transduction inducedyB#énone et al.,
1997)

Using derived Neuroblastoma cell pools of SK-N-BE engineerecpeess full-length or
various truncated forms of p75NTR, we have already demonstratedpZB&iTR is
involved in the direct signaling of cell deathl]Al['dependent through activation of
caspases-8 and 3, inducing the production of reactive oxygen interraeahatdormation
of oxidative stress (Perini et al,2002).

To better understand the molecular mechanism by which p75NTR medliateslt death,
we reasoned on the assumption that p75NTR is devoid of any intringimainz activity so
it should signal, across the cell membrane, through protein-pratéenaction, likely
involving aminoacidic residues placed on the surface of the @llinlar p75NTR-DD.
Starting from this observation, the first aim of our experisevds to characterize which
residues were more responsible or more involved in the transduétibe A3 dependent
cell death. Previous NMR and solvent accessibility studies aaakyzed the conformation

of the p75NTR DD highlighting the amino acidic residues putatil@dgted on the outer
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surface. Kiepinsh et al,1997) Knowing the tridimensional structure, we decided to
mutagenize the identified outer residue by site-specific mutagenkrough Alanine-
substitution. Cunningham & Wells,1989).

We targeted different residues listed as follow:

» D355(Interhelical loop I)

* H359andE363 (Helix 1) Q367 (Interhelical loop 1)
* P368andE369 (Helix 1) A378 (Interhelical loop I11)
» D392andS393(Interhelical loop 1V)

* D397 (Helix V)

* R404,R405, Q407andR408 (Interhelical loop VI)

* D410andE413 (Helix VI)

The specific residues are numbered following the order in thenaligaper (Liepinsh et
al,1997)

All the residues found by NMR to be located at the surfacbeop?5NTR DD have been
substituted to A but the A378 substituted to D. (Residues in the Inedive been excluded
from this analysis because they were not deleted in th€ H¥BD truncated mutant used
in the previous studiPerini et al,2002). For all the PCR-mediated site-specific mutagenesis
we used the rat p75NTR cDNA cloned in the pcDNA3 expression vectd) (BFEDNA).
The mutated plasmids have been used to generate stable pools -NFBEK
Subsequentially, cells expressing wild-type or mutant p75NTRyiogreither single or
multiple substitutions (Table 1 and Fig 1A) have been analyzedeaowlae if and in which
way they could be involved in the mediation of cell death inducedfhyPAols of SK-N-
BE have been exposed to the aggregatB(P?35) as well as to the £35-25) reverse
peptides as negative control. The treatment has been performé8 faurs the levels of
cell death have been evaluated by microscopic analysis after I 3KEling.

Analyzing the cell death levels afteBAreatment, it was evident that not all the substituted
residues were involved at the same way in mediating cytotpxiEixpression of the
Rp78'™"-C, Rp73'™R-E and Rp78™-F mutant receptors decreases the level pfpaptide
induced cytotoxicity (fig 1B) whereas the RP7%A, B, D and G did not show any changes
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in the levels of cell death. Therefore, our first conclusion thasonly the most C-terminal
half of p75NTR-DD (between interhelical region Il and the helix igIrequired for the cell
death induced by &
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Fig. 1. Role of the p78™® death domain outer aminoacidic residues in B-induced cytotoxicity. (A) Schematic
representation of the rat g¥5 receptor with details of the death domain. The amidaacesidues target of the site
directed mutagenesis in the different mutant\i7®xpression vectors (constructs A to G) are indicatedsteuct A:

aa 355-359-363; construct B: aa 367-368-369; construct C: aa 3&rucorD: aa 392-393; construct E: aa 397;
construct F: aa 404-405-407-408-410-413; construct G: aa 407). Thednataino acid are putatively located at the
death domain surface and their position in the death dortpghia-belix @) or interhelical loop () are indicated. The
different expression vectors has been transfected iroblastoma SK-N-BE cells and stably transfected poolg ha
been selected. (B)[Acytotoxicity analysis by TUNEL labelling and EthidiunndBnide nuclear counterstaining. SK-N-
BE cell pools expressing either wild type §75(p75WT) or the indicated mutant g8 were exposed to A(25-35)

20 1M (A-Beta) or A'111(35-25) 2001M (control) for 48 hrs, then cell death level has bexduated. Plotted cell death
results are shown. SK-N-BE cells stably transfectétl he empty pcDNA vector are used as negative contrah Da
are means + ES of three experiments.

These first data gave us a new insights and new interedisttier define the protein

conformation of the p75NTRDD. Indeed, we considered that, since mwngrisequence
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and secondary structure, p75NTR belongs to the Superfamily of the Twroayshé Factor
Receptors, which contains also the TNFRI itself and Fas reseptor

The similarity of the structures and the homology of the sequende®dre the death
domains of p75NTR, TNFRI and Fas receptor have been previously eshatya paper by
Barbara Chapman (Chapman et al, 1995). In that study the compariBisafequences
from p78'"%, TNFR1 and Fas from human, mouse and rat using a matrix pro¢edietct
low level of aminoacid identity, has let to evaluate 32,8% ideftitiveen p7% " and
TNFR1 and 25,4% between TNFR1 and F@&bkapman,1995). Notably, some specific
residues were found almost completely conserved and more impoftantof them have
been previously demonstrated to be necessary forodiNdluced TNFR1-mediated cell
death Tartaglia et al,1993). In detail, the residues E369, W378, D390, 1408 are highly
conserved between the DD of p75NTR and TNFRI and correspond to theiriglip#g' '~
residues: E377, W388, D397 and 1411. (figure Rasmol!)

Interestingly, our first screening revealed that mutatiort®mserved residues or very close
to them (A378D, D397A, and residues substituted in the construlll’pi#5 are sufficient
to block almost completely the cytotoxic signal (Fig.1B).

To extend our analysis we also mutated the E377, W388 and 1411 residuesairiEdgA
2A). Interestingly, as shown for D397 (Fig. 1B) also E377, W388 and ld&ém 30 be

crucial for A3 triggered cytotoxicity.
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Fig. 2 Role of the p78™/TNFR1 conserved Aminoacidic residues in B-induced cytotoxicity (A) Schematic
representation of the rat g¥5 receptor with details of the death domain. Mutant of ‘BY6DNA were generated by
PCR introducing substitution to A of the indicated amioil aesidues conserved with TNFR1 (aa E377, W388, and
1411). The different expression vectors has been traesfén neuroblastoma SK-N-BE cells and stably tramste
pools have been selected. (B)B Acytotoxicity analysis by TUNEL labelling and Ethidium Brimle nuclear
counterstaining. SK-N-BE cell pools expressing eithed wipe p75™ (p75WT) or the indicated mutants p7% (377,
388, 411) were exposed ta Al(25-35) 20(1M (A-Beta) or A'111(35-25) 2001M (control) for 48 hrs, then cell death
has been evaluated. SK-N-BE cells stably transfecttdtive empty pcDNA vector are used as negative codaih

are means + ES of three experiments.

We found that indeed single point mutations are enough to abate &ntbstbackground
level the percentage of TUNEL positive nuclei after 48 hoursBoé¥posure.

All together these data suggest that, upgpeptide activation, p75NTR can signal cell
death through some specific areas of its DD and importantlg #ress include conserved

residues shared with TNFR1 receptor.
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1.2 TRADD dominant negative is able to interfere with p75NTR-dependent
AL-peptide induced cell death.

The first set of experiments we performed clarified thagradkposure to the [A peptide,
p75NTR signals cell death in Neuroblastoma cell line and weiii@gehspecific Death
Domain residues required in mediating cell death.

The identification of the conserved residues between p75NTR and TNfgRdsented a
moment of discussion that allow us to speculate about the possiblammsmns by which
p75NTR can transduce the signal into the cell. Since the invohterhéhe shared residues
seemed to be crucial forfAinduced cell death, we postulated that at least in this contest,
p75NTR could signal cell death througip@hway similar to the one already characterized
for TNFR1.

In support of our idea many reports have showed tBasAble to trigger death in different
cell types in which p75NTR is expressed: rat primary cortical neurdits-3T3 and
neuroblastoma cell stably expressing p75NTR. It is also knbainA3 activates different
signaling pathways involving JNKs, p38/SAPK and the transcrigactor NFkB (Kuner et
al,1998;Yaar et al,2002;Costantini et al,2005; Yao et al,2005). Ihteglys all of these
pathways are known to be activated in various cell context throughNR&1-DD (PER
JNK: De Smaele et al,2001: Tang et al,2001; Deng et al,20G8;dlj2005; Kamata et al,
2005). Furthermore, it has been recently reported that in MCF7 lwaasér cells the
Tumor Necrosis Factor dgeptorl-asociated Bath Domain protein (TRADD), the most
proximal TNFR1 cytoplasmic adaptor protein, is able to interadt thié¢ p75NTR-DD(El
Yazidi-Belkoura et al,2003).

To address the question if TRADD can have a role phidduced p75NTR-mediated
cytotoxicity, we generated a dominant negative (DN) for TRADBe HA-TRADDADD
mutant lacks the Death Domain of the protein at the C-terranthland is HA-tagged at the
N-terminal end.

A TRADD deleted of the C-terminal domain cannot anymore intevéb the TNFRI DD
but can still interact with downstream factors through the Mhteal region. A similar
mutant has been successfully used to block the activation of TNFFRY5NTR-dependent
signaling pathways such as the hB; JNKs and p38/SAPK pathways through a dominant

negative effect most likely elicited by titration of dowestm factors, such as TNFR-
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associated factor-2 (TRAF2Kieser et al,1999; El Yazidi-Belkoura et al,2003). To validate
the effectiveness of this reagent, we proceeded verifyitigeifTRADDADD mutant was
actually able to interfere with a TNFR1-dependent cell death moces

To do so we induced TNFRI overexpression in HEK293 cells, leaditiget formation of
trimeric receptor complex that mimic the activation induced nkiy Thus, we performed
experiments of co-transfection to study the role of the dominant weg&aiRADDADD. To
label the transfected cells we included a vector to express iGFRery transfection
experiment.

24 hours after transfection, cells have been fixed and stainédHweiéchst 33342 and
observed at the microscope to evaluate the number of transfetitesthaving normal or
apoptotic morphology. The transfected cells have been scored for etierap cell
morphology made evident by the ubiquitous expressed GFP, looking @etence of the
typical membrane blebbings and for the nuclear morphology, lookingeabright and
condensed Hoechst staining. Indeed, overexpressed TNFR1 wéas @igger high level of
cell death in HEK293 whereas co-transfection with the TRADD vector significantly
reduced the number of dead cells. (fig. 2A) This experiment itedichat the TRADRDD

Is able to interfere with a TNFR1/TRADD dependent cell higabcess making it a suitable
reagent to test if TRADD is also involved irAnduced p75NTR-mediated cytotoxicity in

Neuroblastoma SK-N-BE cells.
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% Cell Death

Fig. 3A Role of cytoplasmic adaptor TRADD in mediation of TNFRI depemling cell death.The dominant negative
effect of the TRADD truncated mutant (TRARDD) has been validated in a known cell-death paradigmNFR1
overexpression in transiently transfected HEK293 cells. PEKcells have been transiently co-transfected with a

30



plasmid to express EGFP to label transfected cells amtngity vector (pCEP) or plasmids to express TRNFRI alone
(TNFR1), TRADIMADD alone (TRADIADD) or TNFR1 and TRADRDD (TNFR1/TRADDADD). After 24 hrs cells
have been fixed and stained with Hoechst 33342 and cell desithelen assessed looking for nuclear condensation in
GFP positive cells displaying round shape and membrahbibte Data are means + ES of three experiments.

After validation of our dominant negative, we tested whethecawdd reproduce the same
effect observed with TNFRI/TRADDDD also co-transfecting TRADADD in cells
expressing p75NTR. To this purpose SK-N-BE derived pools, seleitgedransfection of
either p75™/pcDNA or pcDNA empty vectors, were further transfected wétther
TRADDADD/pCEP4 or pCEP4, the latter one used as negative control. Aftggomycin
selection, pools of double transfected cells were collected, atberzd both for p75~
and for TRADIDADD expression and cell pools expressing comparable level wdszeata
for the cell death. No changes in the TRADD expression leved baen detect with the

overexpression of p75NTR. (Figure2B)

pTSNTR ~ +

WB: p75 -

WEH: TEADD | s

Fig. 3B Expression level of SK-N-BE derived poolsWestern-blotting analysis of total protein extractsaoted from
SKNBE cell pools stably transfected with a pCDNA empégtor or a p7%/pCDNA vector to express wild type
p75'™R. After SDS-PAGE of equal amount of total protein esttrand transfer to nitrocellulose membrane, the Hst
been probed with anti-p?5® or anti-TRADD antibody as indicated. The panel shdwas both cells expressing p758
and control cells express equal amount of endogenous TRABIBIN.

As described above, cells were exposed to eitlfiepdptide or to the control peptide for 48
hours and cell death has been evaluated after TUNEL labelinghdven by the histogram
in figure 3C, the treatment withpAIn SK-N-BE expressing wild type p75NTR arose a 22%
of dead cell.

Expression of TRADIRDD by itself does not affect in any way the level of cell dedke
co-transfection p75NTR WT/TRADADD shows a level of cytotoxicity comparable with

the one observed in the control.
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Fig. 3C Role of the cytoplasmic adaptor TRADD in A-induced p7%'™™ mediated cytotoxicity. A TRADD
truncated mutant lacking the death domain (TRADID)generate a dominant negative effect in neuroblasteiia
line. A-SKNBE derived cell pools stably transfected véthpty vectors (pcDNA), or plasmids to express 7 alone
(p75'™), TRADDADD alone (TRADIADD), p78'™ and TRADIADD (p75/TRADDADD), were selected and
exposed to f 25-35 (A-Beta) or to the control peptide185-25 (control). After 48 hrs cells were analyzed to assess
cell death using TUNEL labelling and Ethidium Bromide nucleannterstaining. Data are means + ES of three
experiments.

Indeed, TRADIADD is able to interfere with the cytotoxic signal and almost ¢aklAB-
induced p75NTR-mediated cell death. (fig 3C) These data suggesathHaast upon B
binding, p75NTR could signal cell death through a protein complex thalves/ a
p75NTR/TRADD pathway, resembling in this way the pathway used by TNFR
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1.3 p75NTR and TRADD interact mainly through the p7SNTR/TNFRL
conserved residues required for AZ-induced cell death..

The reduced cell death levels observed in SK-N-BE pools exprepgbigTR-WT and
TRADDADD, pushed us to verify whether TRADD could also be a directaater for

p75NTR. The best way to address this question was to set up a Gombmrecipitation
Assay after transient transfection of HEK293 cells. Sihiseknown that TRADD is able to
interact directly with TNFRI Death Domain but not withg-asociating protein withehth

domain (FADD), the direct Fas cytoplasmic adaptor protein, we tsese two death
domain containing receptors respectively as positive and negatiwe|.

We generated expression vectors to express HA tagged versieA®DBf (HA-FADD) and

TRADD (HA-TRADD) and a FLAG tagged version of TNFR1 (FLAG-FR1) (Fig. 3A).

A
! A 348 435
3XFLAG-TNFRI [ axriac
I 13 194 331
HA-TRADD m
I 13 89 221
HA-FADD 0
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Fig. 4 Physical interaction between p7%¥™ and TRADD. Co-Immunoprecipitation Assays after transient trasiifa

of HEK293 cells have been performed to compare the abilig75'™ and TNFR1 to interact with the cytoplasmic
adaptors: TRADD and FADD. (A) Schematic drawings of ttemsfected tagged-proteins: 3XFLAG-TNFR1, HA-
TRADD and HA-FADD. (B) After 24 hrs of transfection wfdicated vectors, 1.5 mg of total protein extract reenb
used to immunoprecipitate HA-tagged TRADD or FADD. Westdotting analysis has been done probing film with
antibodies raised against the indicated epitopes: i) pRSAtibody against p?5:, flag antibody against FLAG-
TNFR1; HA antibody against HA-TRADD and HA-FADD. Theasvn autoradiographs are representative of at least
three independent experiments.

Indeed, the Co-Immunoprecipitation Assay showed that in the double ectosf
p75NTR/TRADD experiment, pulling down TRADD by HA antibody, we could co
iImmunoprecipitate p75NTR, reproducing for p75NTR the same interatiainoccurs
between TNFR1 and TRADD.

Notably, the importance and specificity of this results was lgbgtdid by the absence of
coimmunoprecipitation signal from the cotransfection of p75NTR andDF&Rpressing
vectors.

As already known and reproduced by our experiment in Fig. 4B, FADD rduesteract
with TNFRI even if it possesses a Death Domain. The Fattwe did not find interaction
between FADD and p75NTR gives more specificity and relevantieetobservation of a
phisical interaction between p75NTR and TRADD. In other words, treepce of a Death

Domain is a required condition but not necessary to guarantee angpuigin interaction
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through Death Domain containig proteins and so the Co-Immunopracipitati
TRADD/p75NTR likely reflects the existence of a real prot@implex.

Indeed, to investigate the possible role of a p75SNTR/TRADDant®n in mediating the
cytotoxic signal of B8, we tested if the p75NTR single substitution mutants could affect
some way the complex assembly.

HEK293 cells have been co-transfected with plasmid to expresIRMOD alone or
together with either wild type p?5® or the mutants p75E377A and p75W388A. As shown
in Fig. 5, the p75E377A and p75W388A mutants have not been efficiently co-
immunoprecipitated by TRADD-HA as we observed for p75SNTR WHis Tould suggest
that p75NTR mutants could fail to transduce the cytotoxic signal nkesf because they
cannot interact efficiently with TRADD. In agreement with owsults, Telliez and
collegues showed that the mutation E369A in TNFR1-DD (corresponaing7®™?
E377A) not only blocks TNFR1-dependent cell-death but also affects TNIRRADD
interaction Telliez et al,2000). All together these data suggest that a“P7FRADD

protein complex could mediate thgd Aytotoxic signal.
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Fig. 5. The p75NTR mutants that do not signal cytotoxicity have redusd ability to co-immunoprecipitate with
TRADD. Transient transfection of HEK293 cells has been perfort@edcompare the level of the Co-
Immunoprecipitation efficiency between wild type B75 (p75WT) and p7%5" mutants (p75E377A, p75W388A).
After 24 hrs transfection of above indicated vectors, 1.5 nigtaf protein extract has been used to immunopre@pitat
HA-tagged TRADD followed by Western-blotting probed withibodies raised against the indicated epitopes: i)
p75NTR antibody against p7% ; HA antibody against HA-TRADD. The shown autoradiggits are representative of
at least three independent experiments.
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1.4 AB peptides modulates p75" -TRADD interaction.

To assess the role of the p75NTR/TRADD interaction in a moreigldbgg setting, we
investigated if the protein complex formation could be modulatedpefptide exposure.
We engineered SK-N-BE neuroblastoma cells to express both p7aNd RiA-tagged full
length TRADD (HA-TRADD). Transfected cells have been geld¢o generate pools that
we characterized for the p75NTR and HA-TRADD expression sefgzta not shown). The
selected cell pool has been exposed ffop&ptides, or to control reverse peptides, for 1, 2,
3, 4, 7, 8 hours. The time course has been done trying to reproduce tide pdastic
required to allow the binding of thefAto the receptor. After exposures, cells have been
scraped and equal amount of crude cell protein extracts have beenadcabatnti-HA
agarose-beads. Following the Co-Immunoprecipitation protocol, carhplee been eluted
from the beads and separated on SDS-PAGE then transferredetmlarane that has been
probed sequentially with anti-p78 and anti-HA antibodies to quantify the co-
immunoprecipitated p?8~ and the immunoprecipitated TRADD. As results from Fig 6,
after 1 hour of treatment we could not detect p75NTR protein pulled 8gWHA-TRADD.
Proceeding with a longer exposure of 2 and 4 hours, we noticed anseramount of
p75NTR co-immunoprecipitated with HA-TRADD. Prolonged treatmeht8-& hours do

not show anymore interaction between the proteins.

p?SWT =+ + + + + e +
HA-TRADD + + + - i i _
pCEP4 = = e ) i = ¥
1h 2h 4h 4h 6h sh 6h
AB f+ 1 |+ 1 B IT 1 I:_ ) :+ i r+ 1
G'h _"r ' -
WB:p75 |58 B % o0 i B |- Colp- A WB: p75
WB: HA | s s s s SIp- WB: HA

o S Aeeeee

WB:actin -------- "iﬂplﬂ- --—--—_ WB:actin

Fig 4A

Fig. 6. AR peptide modulates p78™/TRADD interaction. Time course of p78%/TRADD interaction: SKNBE cell
pools stably transfected to express'B7snd HA-TRADD or stably transfected with a pPCEP4 empigter have been
exposed to Amyloid Beta peptide [fifor 1, 2, 4, 6, 8 hrs. 1,5 mg total protein extract faheime course point has
been used to immunoprecipitate HA-TRADD followed by Waestdotting probed with antibodies raised against the
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indicated epitopes: i) p?8 and HA-TRADD. The shown autoradiographs are represemtaf at least three
independent experiments.

Indeed, this result indicates thaf3 Aeptides can modulate and activate the interaction
between p75NTR and TRADD. As showed, this activation occurs spegific time-
dependent manner that peaks after 4 hours of exposure.

Finally, we define a possible mechanism by which p75NTR can mexdikhtgeath in an A
dependent manner, recruiting TRADD at the level of the membkaadetransferring the

signal to the cytoplasm.
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Discussion

In our study we discuss the role of the Neurotrophin Receptor p75NTR imtmgdcell
death induced by exposure to th@ peptide. The aim of our project is to investigate the
molecular mechanisms that follow the binding of the peptide to tepter peptide and
mainly to identify the cytoplasmic pathway that are involved in thedesath signal. By
deleting specific sequences in the intracellular domain of p75NERalready defined the
essential role of the death domain (DD) as responsible fordhalgransduction (Perini et
al., 2002). Furthermore, in the present work we address in detajlshe DD is essential
and in which way mediates cell death. We show for the first tima¢ the membrane
receptor p75NTR, upon binding BsAmyloid (AP) peptide, is able to transduce a cytotoxic
signal through a mechanism very similar to the one adopted moiTiecrosis Factor
Receptor 1 (TNFR1), when activated by TiNF

Our first approach was based on the analysis of the tridimensionarm@tion of the
receptor. This allowed us to identified specific residues in thetat, when mutated to A,
are no longer able to signal cell death. p75NTR belongs ttathdy of Tumor Necrosis
Factors Receptor 1, this suggested us the possibility of a commacimanism to signal cell
death. To test our hypothesis we considered the sequence homologynbtteredeath
domains of p75NTR and TNFR1 and we identified few almost complentical residues.
By exposing to 8 peptide neuroblastoma cell stably expressing p75SNTR mutated versions
we could indeed verify that those aminoacids (E377, W388, A397 and I41lihyvaheed in
mediating cell death. Since the residues shared between p75NTRN&RI seemed to be
important for both the receptors for transducing the death signabagliaret al 1993) we
further speculated about the putative cytoplasmic interactoadvad in this process. The
Neurotrophin receptor p75NTR is known to mediate different effécis) cell survival to
cell death, into the cell most likely depending on which is theaeeliular stimulus and on
which are, among the many identified, the cytoplasmic interaamessed in the
considered cell type . A recent paper reported that in MCF7 pb$\NTR binds the dmor
Necrosis Factor &eptorl-asociated Bath Dbmain protein (TRADD), one of the first
player in the TNFRI depending pathway. (Kieser et al,1999; Eldv-&alkoura et al,2003).

Considering all together these insights, we decided to td®ADD could be involved in
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mediating A-induced p75NTR-dependent cell death. For this purpose we generated a
TRADD dominant negative mutant lacking the death domain requinethé interaction
with the receptor. Coexpressing p75NTR and TRADD in Neuroblastoma cells we
assessed that also in this contest, TRADD is involved imiaiating the cell death upon
AP exposure. To confirm these preliminary indications we set up an@ashoprecipitation
assays in transiently transfected HEK293 cells that indeed provedirda interaction
between p75NTR and TRADD. The p75NTR and TRADD forming complexmelss the
same initial step of TNFR1 dependent signal transduction patlewag though in a
different contest. Furthermore, we verified that thes-Bsociating protein with ehth
domain (FADD), the direct Fas cytoplasmic adaptor protein, doesinmtetact with
p75NTR, although displaying a death domain. This can suggest thenqgeesea death
domain could be a feature necessary but not sufficient to generptetean-protein
interaction. So we proved that TRADD is a good candidate tcataitthe p75NTR-
dependent death signal transduction into the cytoplasm.

Once assessed the involvement of TRADD in the p75NTR dependenirgigoaihway,
we tried to clarify whether it could also be an important playenediating A induced cell
death. As first approach, we challenged by Co-Ip the efficien¢lieointeraction between
TRADD and two p75NTR mutants: p75E377A and p75W388A. In this case, we fioaind
these two p75NTR mutants, that more than the others failed to #igne¢ll death, have
been co-immunoprecipitated with a lower efficiency compared to ydd p75NTR. This
suggests that p75NTR mutants could be less efficient to trandtkicgtotoxic signal most
likely because they cannot interact efficiently with TRADDeS$e findings arise a possible
involvement of TRADD as a mediator of the cell death signal iaduxy A3 peptide. To
deeper prove that TRADD contributes to thB #duced cell death of neuronal cells, we
performed a time-course treatment on SK-N-BE pools expressingTp¥ ¥iNsee if the A
peptide binding to p75NTR can modulate p75NTR physical interaction to TRADD

To this purpose, we monitored the efficiency of the interaction letwe&5NTR and
TRADD at different time point after exposures tf And we could assess that the complex
formation is indeed modulated by the peptide since we could obsetinee-@alependent
kinetic.
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We observed that TRADD interacts with p75NTR raising a peakdsn 2 to 4 hrs after
peptide exposure. This observation possibly correlates with the kirgdticthe
APB sedimentation and the activation of the receptor. Indeed, thevedlaslow kinetic of
the p7% Y TRADD interaction we observed can be explained by the low solulslii lof
aggregated B peptide and is consistent with the activation of the downstregmalsig
pathways, JNK and p38/SAPK, previously described using our cell sy§estantini et
al,2005). Collectively, our study proposes a new mechanism that undémiestirotoxicity
induced by A8 peptide and mediated by the Neurotrophin receptor p75NTR. In this contest,
multiple proteins have been so far claimed to be candidates fAf3tlepending cell death
(Hashimoto Y et al., 2004), perhaps depending on the different neurohpbpalations
considered. In this respect, it has been reported that neuronggattlin AD is mediated in
part by the interaction of P\with p75NTR. (Rabizadeh et al 1994)3 Ainding to p75NTR
results in c- JUN N-terminal kinase (JNK) activation apdotic cell death in p75NTR
expressing cells (Yaar et al 1997; Bhakar et al,2003; Betkadr 2004; Ham et al,2005).
AP activates nuclear factor- kB (MB) by binding to p75NTR in neuroblastoma cells
(Kuner and Hertel, 1998). Furthermore, we proved that the p75NTR D&3p®nsible for
the mediation of B neurotoxicity (Perini et al, 2002). Finally, reflecting someilginty
with the TNFR1, we map specific area in the DD of p75NTR resplenfr the mediation
of the A3 cell death. This signal transduction recruits the new playeADIR to the
membrane and activates the apoptotic pathway. In this study, wencdhé& essential role
of p75NTR in the mediation of the neurotoxicity depending @) éven though we still
have to verify the downstream pathway that ultimately actithegrogrammed cell death
(Costantini et al, 2005).

With our study we try to elucidate the role of p75NTR in tlfienr®&urotoxicity, suggesting a
possible molecular mechanism. In this respect, still a toanmes to be proved since the even

higher complexity of the neurodegeneration observed in the AlzheiDsegse.
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Functional cooperation between TrkA and p75NTR
accelerates neuronal differentiation by increasedranscription
of GAP-43 and p21(CIP/WAF) genes via ERK1/2 and AR-
activities

2.1 p75NTR cooperates with TrkA to accelerate NGF-mediated neuronal

differentiation
To investigate how the expression of both p75NTR and TrkA can affecomadur

differentiation, we took advantage of SK-N-BE, a human neurolptastcell line which
expresses neither receptors [67] although it can be committed feredifate into
sympathetic neurons upon treatment with retinoic acid or TPA [68,63N-BE cells
represent an interesting neuronal model in which it is possibkastablish the expression
of both receptors and study their reciprocal influence on the aotivafi specific signal
transduction pathways. In the specific case, SK-N-BE cell® viansfected with the
appropriate vectors and stable cell pools (BEp75, BETrkA and BEp75/Tv&rd isolated
and maintained in the appropriate selective medium (see Matanédl methods for further
details). As a control, cell pools carrying the empty ved& yector) were also generated.
Expression of either TrkA or p75NTR was monitored by immunoblotting. (Ejgand
receptor membrane localization was verified by fluorescent immielatg with specific
antibodies (data not shown). Cell pools expressing comparable ¢tévbks receptors were

chosen for further analyses.
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Fig. 2.1— Expression of TrkA and p75NTR in SK-N-BE derived cells.Total protein extracts
from each cell pool (50g) were separated by SDS-PAGE, transferred onto a nyonbnane and
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probed with either anti-Trk (C-14, Santa Cruz) or anti-p7BNihtibodies (9992). The position of
protein molecular weight markers (kDa) is indicated.

First, we studied whether NGF can induce neuronal differentiatitre selected cell pools.
BEvector, BEp75BETrkA and BEp75/TrkA cells were seeded at a density of 2.5x104/cm2
and treated with NGF. Neurite outgrowth, taken as a markegwbnal differentiation, was
monitored at different time points (0, 24, 48, 72 h). As shown in Fig.128 ng/ml NGF

can only induce differentiation of cells expressing the TrkA recepteimilar experiment
was also conducted using 10 ng/ml NGF to show that NGF, evenergt low

concentrations, can stimulate neuronal differentiation (data not shown)
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Fig. 2 — NGF dependent differentiation of the cells. Cells were seeded at a density of 2.5x104/cm2 in complete
medium. (A) After 24 h cells were washed with 1x PBS antht@iaed in a 0.1% FBS medium containing 100 ng/ml
of NGF. Pictures (200x magnification) of the differentigticells were taken at an interval of 24 h. (B, C)
Quantification of the rate of differentiation is exged as the percentage of cells that display neurite outgrgeon
exposure to 100 ng/ml NGF (B) or 10 ng/ml NGF (C) Speclfiaa¢urite outgrowth was considered positive when the
length of the neuritis was at least twice the belly diameter. For each tested condition, 500 cells fr@imdependent
fields were counted and the standard error was calculated.
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Quantification of the differentiation state, expressed as eepge of cells displaying
neurite outgrowth, is described in Fig. 2B (100 ng/ml NGF) and Zig(10 ng/ml NGF).

Neurite outgrowth is significantly more pronounced in BEp75/TrkA thaBEmrkA cells at

24 and 48 h after NGF exposure (Figs. 2B, C), suggesting teapiession of both
receptors may contribute to increase and accelerate the rit&imediated neuronal
differentiation.
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2.2 p75NTR enhances TrkA autophosphorylation

To investigate the molecular basis of this phenomenon, weihdnadly studied whether
p75NTR may affect the autophosphorylation state of TrkA. In faet/ipus studies showed
that p75NTR can modify TrkA function by increasing TrkA phosphorylation [28(R71].
Therefore, we analyzed the degree of TrkA phosphorylation as a fun€iN@F treatment.
Specifically, both BETrkA and BEp75/TrkA cells were treated ViWBF for 10 min and
then lysed to prepare cell extracts. TrkA was immunoprecipitaittdanti-TrkA antibodies
and analyzed by Western blotting with an antiphospho-tyrosine antibodyltRekFig. 3
show that TrkA phosphorylation is higher in cells expressing botlpt@sethan in cells
expressing TrkA alone. This observation, which is consistent hatldiea that p75NTR can
potentiate TrkA kinase activity, supports the view that a highkA autophosphorylation

may be causally related to an increased rate of neuronal difégremti
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Fig. 2.3 p75NTR stimulates TrkA autophosphorylation. BETrkA and BEp75/TrkA cell pools were analyzed for
NGF-mediated autophosphorylation of TrkA. Cells, whadidated, were treated for 10 min with NGF (100 ng/ml)
and then lysed. Total protein extracts were subjectedntaunoprecipitation with specific anti-Trk antibodies.
Immunoprecipitated complexes were separated by SDS-PAGHEasferred onto a nylon membrane. The filter was
first probed with anti-phospho-tyrosine antibodiesettablish the level of TrkA phosphorylation and theprobed
with anti-Trk antibodies to determine the total levelTdfA present in the immunoprecipitated samples. Thiecatar
weight (kDa) of the most abundant TrkA forms is indicated.
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2.3 p75NTR contributes to TrkA signaling by prolonging ERKL1/2

activati

on

Since it has been shown that ERK1/2 are involved in cell diffietert [37,40], we
investigated how p75NTR may affect TrkA downstream signaling, vapect to the
activation of the ERK1/2 pathway. Cells were serum-starge® fh and then treated with

100 ng/ml NGF for 30 min. Afterward, cells were processed aotkipr extracts were

analyzed by immunoblotting with anti-phospho-ERK1/2 antibodies.
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Fig. 2.4Effect of the combined expression of p75NTR and TrkAmERKSs activation. (A) Cells were serum starved
for 8 h and then treated with NGF (100 ng/ml) for 30 mintéfncextracts were analyzed by Western blotting by using
antibodies against phospho-ERK1/2. Total amount of lo&iRid1/2 was determined by re-probing the filter with anti-
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ERK1/2. (B) ERK1/2 activation of BEp75/TrkA cells completelgpends on the TrkA kinase activity. In addition to
NGF (100 ng/ml), cells were pre-treated with K252a (M), a specific TrkA kinase inhibitor. ERK1/2 activatiorasv
monitored as described above. (C) ERK1/2 activation isisgsl in BEp75/TrkA cells. BETrkA and BEp75/TrkA cells
were serum starved for 8 h and then treated with NGFr{0@l). Phosphorylated and total ERK1/2 were reveajed b
Western blotting. JNK1/2 are not activated by NGF inTB& and BEp75/TrkA cells. JNK1/2 activation was detected
by Western blotting using specific anti-phospho-JNK1/2 adtéso Cell extracts prepared at different time pointewer
analyzed. The filter was reprobed with anti-ERK1/2 di-dNK1 antibodies to determine the total amount oKER

or JNK1 protein in each lane, respectively. (D) Quaifon of phosphorylated ERK1/2 in both BETrkA and
BEp75/TrkA was determined by densitometric analysis. Reardtplotted as fold activation vs. the time points GHN
treatment. (E) ERK1/2 activation is sustained even ipBHITkA cells exposed to 10 ng/ml NGF. The experiment has
been performed as described for panel C. ERKs and Akitgetas monitored at different time points. Akt isisated

at low level already at 18ompared to ‘tboth in BETrkA and BEp75/TrkA cells. (F) Quantificationmifosphorylated
ERK1/2 in both BETrkA and BEp75/TrkA cells was determineddescribed above. The diagram summarizes the
results of three independent experiments. The standardseimdicated.

As expected, NGF activates ERK1/2 only in TrkA expressing ¢Elg. 4A). Notably, the
activation is significantly increased in cells carrying babeptors (Fig. 4A). The fact that
NGF did not activate ERK1/2 in BEp75 cells may indicate th@tenhancement of ERK1/2
phosphorylation in BETrkA and BEp75/TrkA cells occurs through TrkA slgmaal
exclusively. To address this point, we analyzed the effect of @&2& compound, a
specific TrkA kinase inhibitor [72,73], on the activation of ERKFR. 4B shows that the
K252a completely blocks the phosphorylation of ERK1/2 in both BETrkA and BEp75/TrkA
cells. Overall, these results indicate that in BEp75/TrkAscg75NTR cooperates with
TrkA to stimulate ERK1/2 activation. To better understand the dyrsaofibow this occurs,
we performed a time course experiment in which the leveRKI2 phosphorylation was
monitored byWestern blotting at different time points after NB&tment. The experiment
was performed at two different concentrations of NGF (100 ngnal10 ng/ml, Figs. 4C
and E, respectively). Quantification of results shows that phosphorylait ERK1/2 peaks
between 15 and 30 min in TrkA expressing cells and then quickly decdgsalt levels
(Figs. 4D, F). On the contrary, the level of phosphorylation of ERlkn BEp75/TrkA cells
is higher than that of BETrkA and is sustained for more than 1 hN&& treatment. We
have also analyzed the NGF-mediated activation of JNK1/2 in bothrkBE®RNd
BEp75/TrkA cells. Results of Fig. 4C indicate that JNK1/2 are audtvated by NGF.
Finally we have tested the effect of NGF (10 ng/ml) on Aktedfy whether Akt might
also be involved in the differentiation process. Results of #igshow that Akt becomes
weakly phosphorylated upon NGF treatment although we could not observe fangndié
in terms of intensity and kinetic of phosphorylation between BETrkA BIEA75/TrkA
cells. Therefore, this result excludes that the AKT pathwaylmgyimarily involved in the

accelerated neuronal differentiation of BEp75/TrkA cells. Ovenaillfindings suggest that,
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at least, one of the downstream effects caused by the cooperap@&NdIR with TrkA is

that of specifically enhancing and prolonging ERK1/2 activation.

2.4 Qustained ERKs activation correlates with an increased AP-1
transcriptional activity

To understand how sustained ERKs activation may affect diffatiemt, we studied the
activity profile of three transcription factors: CREB, NF-&Bd AP-1, which under diverse
circumstances were shown to be regulated by TrkA [45,49,74]. To this putpesn vivo
activity of CREB, NF-KB and AP-1 was determined by usingférese reporters designed
to monitor the specific transcriptional function of each factafirite amounts of reporter
vectors were transfected into BETrkA and BEp75/TrkA cells eigtienulated or not with

NGF. Twenty-four hours later, luciferase activity was meakure
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Fig. 5 Analysis of NGF-mediated transcription regulation in BETKA and BEp75/TrkA cells. Transcriptional
activity of CREB, NF-kB and AP-1 factors was monitoretbtigh a luciferase assay. BETrkA and BEp75/TrkA cells
were independently transfected with 500 ng of CREB-Luc, NfE-t@and AP-1-Luc reporter plasmids and 24 h later
were treated with either BSA (0.1%) or NGF (100 ng/mligll rotein extracts were generated to measure the
enzymatic activity of the luciferase. Fold induction & transcriptional activity of the reporter is expressetha ratio
between the luciferase activity of treated and untrea&#id. The diagram relative to CREB, NF-kB and AP-1
summarizes the results of four independent experiments.gthadtor is indicated.
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Fig. 5 shows that NGF could induce transcription of NF-kB-Luc, CRE8and AP-1-Luc
reporters in both cell pools. However, NGF-mediated transcripfitime AP-1-Luc reporter
resulted significantly stronger in cells expressing both recept@n in cells expressing
TrkA alone, whereas no relevant difference was observed witdrddg NF-kB-Luc and
CREB-Luc reporters [75]. Interestingly, NGF-mediated trapson of all reporter vectors
was completely abolished by the K252a inhibitor, supporting the view th#t Kinase

activity is required for transcriptional activity of all tedtieanscription factors.
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2.5 Activation of ERKs is required for NGF-mediated neuronal
differentiation

To confirm that the activation of ERKs is necessary to incréaseAP-1 transcriptional
activity of both BETrkA and BEp75/TrkA cells, U0126, a specific MEKinhibitor, which

blocks ERKs activationwas used [76]. Three different concentrattdng0126 were
employed tomonitor both neuronal differentiation and the luciferasataaf the AP-1-

Luc vector when transfected into the BETrkA or BEp75/TrkA cells.
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Fig. 2.6 NGF-mediated differentiation and AP-1 transcriptional activity require the activation of ERK1/2 in
BETrkA and BEp75/TrkA cells. (A, B, D, E) Degree of differentiation of BETrkA and BE/TrkA cells was
determined as a function of NGF (10 ng/Md)owing pretreatments with either U0126 (QuM, 1 pM, 5 pM) or
PD098059 (1uM, 5uM, 10uM) at 24 h (A, D) and 48 h (B, Ejith U0126 and PD098059 being two specific MEK1/2
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inhibitors. Quantitation of neurite outgrowth was ased as described kig. 2B. (C, F) AP-1 driven luciferase activity
was tested in BETrkA and BEp75/TrkA cells in response té&NI® ng/ml) and eithdd0126 (0.5uM, 1 uM, 5 pM)
(C), or PD098059 (M, 5 uM, 10 uM) (F). Fold activation of the AP-1 reporter transdoptwasmeasured as
described in Fig. 5.

Results show that U0126 could blocks neuronal differentiation morectigély in
BEp75/TrKA than in BETrkA cells (Figs. 6A, B). Moreover, APLuc activity was
drastically reduced in BEp75/TrkA as a function of increasing condrmsaof U0126
(Fig. 6C). To confirm U0126 results, we have also tested theteffePD098059, another
MEKZ1/2 inhibitor [77,78]. We designed an experiment similar to thatmeed for U0126
in which we monitored neuronal differentiation and AP-1-Luc activiyaafunction of
increasing doses of PD098059. Results show that PD098059 has a stibiiiery effect
on BEp75/TrkA than on BETrkA cells (Figs. 6D—F). Overall, thesgults indicate that
accelerated NGF induced differentiation and potentiation of the Fettr transcriptional
activity in BEp75/TrKA cells require ERK1/2 activation. Tondenstrate that AP-1 activity
Is required for accelerated BEp75/TrkA cells differentiationseheells were pretreated with
NDGA (Nordihydroguaiaretic Acid) a specific AP-1 inhibitor [79,8@|gain, as for the
other inhibitors employed in this study, NDGA could inhibits neuronal diffexgon more
effectively in BEp75/TrkA than in BETrkA cells (Figs. 7A, B) anduld also drastically
abate the luciferase activity of the AP-1- Luc vector (Fig. 7C
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Fig. 2.7 — NGF-mediated differentiation requires AP-1 traneriptional activity. (A, B) Degree of differentiation of
BETrkA and BEp75/TrkA cells was determined as a functioritbee NGF (10 ng/ml) or NGF plus NDGA (@M, 5
uM), a specific AP-1 activity inhibitor, at 24 h (A) and BgB). Quantification of neurite outgrowth was detered as
described in Fig. 2B. (C) As a control of the NDGAeeff AP-1 driven luciferase activity was tested in BE&Tand
BEp75/TrkA cells in response to NGF (10 ng/ml) and/or ND@GAM, 5 uM). Fold activation of the AP-1 reporter
transcription was measured as described in Fig. 5.
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Taken together these results support the model in which a speificactivity is promoted
in BEp75/TrkA cells upon NGF treatment and that such an activityeggired for
accelerated neuronal differentiation.

Previous studies have shown that activation of the AP-1 factorARK\Vtorrelates with the
increased transcription of GAP-43 and p21(CIP/WAF), two genes gasdicipate to
neuronal differentiation and cell growth arrest, respectively [594a8linderstand whether
the cooperative action of both NGF receptors may affect the expregs<GAP-43 and p21
(CIP/WAF) genes, we monitored the mRNA expression of the twosganieoth BETrkA
and BEp75/TrkA cells as a function of NGF treatment. Cellsgdeaith NGF for O, 24, 48
and 72 h were processed in order to purify total RNA. The relanmeunt of both
transcripts was determined by quantitative RT-PCR and normalzethat of the

Glucuronidase Beta (GUSB) housekeeping gene.
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Fig. 2.8— NGF stimulation of GAP-43 and p21(CIP/WAF) gene transcriptio requires AP-1 activity. (A, B) SK-
N-BE derivedcells were treated with NGF (100 ng/ml) for 0, 24, 48 and Rehative mRNA expression of GAP-43
(A) and p21(CIP/WAF)B) genes was determined by quantitative real-time R&WR-43 and p21(CIP/WAF) mRNAs
levels were normalized tiat of the GUSB housekeeping gene and expressed asdaiction with respect to them
RNA level detected before NGFeatment, which has been set to 1. (C, D) Relati&m expression of GAP-43 (C)
and p21(CIP/WAF) (D) genes waetermined as a function of either NGF (10 ng/ml) or NEBIENDGA (1 uM, 5
MM) at 24 h. The results are an average of tmdependent experiments. Standard errors are indicated.

Results of Figs. 8A and B show that mRNA expression of both genigsiiscantly higher
in BEp75/TrkA cells than in cells expressing either one of ¢leeptors. To further confirm
a direct role of AP-1 in neuronal differentiation we quantified GP-and
p21(CIP/WAF)mMRNA expression in BETrkA and BEp75/TrkA cells whenaddition to
NGF, these cells were pretreated with NDGA. The resulthisfexperiment (Figs. 8C, D)
show that transcription reduction of both genes is significantly npoomounced in
BEp75/TrkA than in BETrkA cells. Overall, our data support a madelwhich the
cooperative action of both receptor eventually results in increagedssion of GAP-43
and p21(CIP/WAF), possibly by the action of the AP-1 transcription factor
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Discussion

In this study, we have focused our interest on how p75NTR may dffie&tdownstream
signalling with respect to neuronal differentiation. Here, wehghown that p75NTR can
cooperate with TrkA by modulating the activation of ERK1/2 in respaaNGF and thus
leading to an accelerated neurite outgrowth. We have analyzegrtusss at different
levels. First, we have determined the degree of autophosphorydaflokA in the presence
or absence of p75NTR and found that p75NTR increases the overal$ lefv TrkA
phosphorylation. Second, we have monitored the activation of ERK1/2uasteon of the
specific contribution of each Neurotrophin receptors and found thatcdmebined
expression of the receptors leads to a persistent ERK1/2 amtivRtiolonged activation of
ERK1/2 in BEp75/TrkA is dependent on TrkA autophosphorylation in that it ipledety
abated by the K252a a specific inhibitor of the TrkA kinase. Thigltreglicates that the
functional cooperation between p75NTR and TrkA is not achieved throughtitxatian of
parallel signal pathways that may eventually merge withircéie but it is rather the result
of a specific enhancement of TrkA signaling. Moreover, th@s#ings suggest that the
enhancement of TrkA phosphorylation may be causally related to tteensakactivity of
ERKs in BEp75/TrkA cells. Although it is clear that the exaxgchanism remains to be
elucidated, our results reveal that the NGF dependent ERKtyciawn be finely modulated
by controlling the relative expression of TrkA and p75NTR. The pergisictivation of
ERK1/2 has been correlated to neuronal differentiation [37,40]. Morem@&ent reports
have shown that NGF-mediated ubiquitination of TrkA can be enhanced by p75NTR
causing prolonged and increased ERKs activation [81,82]. Our reseilt@asistent with
this view and show that sustained ERKSs activity may play a spegié in accelerating the
differentiation process. In addition, our findings point to a clitfgaction of the AP-1
transcription factor in this process. Comparative analysis @etliistinct transcription
factors CREB, NF-kB and AP-1, often studied as major effecbns7/5NTR and TrkA
signal pathways, reveals that the AP-1 transcriptional acts/gignificantly stronger in
cells expressing both receptors than in those expressing just Mide&over, AP-1 activity
and neurite outgrowth are completely abolished when cells aredreath U0126 or
PD098059, two specific MEK1/2 inhibitors. Our results extend thoseidedcby Leppa
and colleagues who found that the NGF-mediated differentiation of Bé&lis2requires the
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activation of ERK1/2 for induction of c-jun mRNA synthesis, as @aslfor phosphorylation
of the AP-1 components [75]. Specifically, the fact that JINKds2well as Akt is not
involved in the functional activation of the AP-1 factor suggdss ERK1/2 may activate
AP-1 post-translationally. In many reports, AP-1 has been relatdee p7S5NTR apoptotic
signalling whereas other factors such as CREB and NF-kB wa@rsidered to be more
specifically involved in survival and/or differentiation [83,84]should be noted that also
in our cell model, CREB and N&B transcriptional activities are stimulated

in a NGF dependent manner, implying that they may participate talitffezentiation
process. However, our findings highlight a distinctive regulatiath@fAP-1 transcriptional
activity specifically in determining the rate of neuronafatiéntiation. Such a regulation
may be achieved by controlling the specific duration of ERKs #&ctithrough
combinatorial expression of the two neurotrophin receptors. These findiggkght a
molecular mechanism through which cells interpret different&RKs signal duration and
give rise to distinctive biological outcomes [85]. In case sistained ERKs
phosphorylation, the activity of the AP-1 transcription factor is enlthwaih consequential
increased expression of the p21(CIP/WAF) and GAP-43 genes, théyacti which is
respectively critical for cell growth arrest and differemiat [59—-63]. This result is
corroborated by experiments in which we have employed NDGA, a spABiL inhibitor.
To our knowledge this is the first study in which NGF signallnag been recapitulated
step-by-step within a definite cell system from the rolehef tmembrane receptors to the
expression of critical genes linked to neurite outgrowth. Thasdinf§s may help
understand some aspects of neuronal development in which the controlledseprof
both TrkA and p75NTR may determine the fate of neurons by accetertnget
innervations and differentiation within an environment endowed witlilighamounts of

neurotrophins.
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Material and Methods
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DNA Constructs
The p7%™ constructs carrying point mutations were generated by Inversg-RGR

protocol following manufacturer instructions (Herculase Enhanc®th DPolymerase,
Stratagene) and using as template a pcDNA3 plasmid (Invityégevhich the rat p75~°
wild-type cDNA has been cloned (p75/pcDNA). The primer sequences used for each
mutant are as follow:

Rp75NTRE377AF. 5-TTTACCCACGCA&CCTGCCCAG-3

Rp75NTRE377AR: 5-GGAGTCTATATGTTCAGGCTGGTAA-3

Rp75NTRW388AF2: 5’-GCAACGCTTGATGCCCTTTTAGCC-3

Rp75NTRW388AR2: 5-ACTGTCCTGGGCACCAGECTG-3’

Rp75NTRI411AR: 5-TAGACTCTCCACCGGTCAGCTC-3

Rp75NTRI411AF: 5-TGCAGCGAGTCCACTGCCACATC-3’

Underlined codons in either forward or reverse primer sequence mdsaA codon used
to create the mutation. Introduction of the desired single point mgatwvas verified by
plasmid clone sequencing.

The human TRADD and FADD full lenght cDNAs have been amplifiedPIBR from,
respectively, SK-N-BE and HL-60 cells total RNA after re@aoscription. The following
primers have been used:

HTRADD5BAMF: 5-CGGGATCCGCAGCTGGGCAAAATGGGCAC-3
HTRADD3ECOR: 5-CGGAATTCCTAGGCCAGGCCGCCATTGG-3

HFADDBAM1F: 5-CGGGATCCGACCCGTTCCTGGTGC-3'

HFADDECOI1R: 5-CGGAATTCTCAGGACGCTTCGGAGG-3..

The BamHI and EcoRl sites included in the primers and locatepecgvely, at the 5’ and
3’ ends of the RT-PCR products, were used to clone the cDNAs pRiké&-HA expression
vector to obtain in frame fusions with the HA epitope at the TRAIDIBADD N-terminal.
Afterward, the whole HA-TRADD cDNA has been amplified with tlelowing forward
primer:

HASHIND1F: 5-CCCAAGCTTACCATGGCCTACCCCTACGACG-3' and thelfowing
reverse primers:
HTRADD3NHEIR:5-CTAGCTAGCCTAGGCCAGGCCGCCATTGG-3',
HTRADDNEG3NHEIR: 5-CTAGCTAGCCTACGGCGGCGGCGGCTTCAC-3,

to clone, respectively, the full-length or the C-terminal truedatHATRADD

(HATRADDADD) in the Hindlll/Nhel sites of the pCEP4 expression vectaitioloning
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site (Invitrogen). The HATRADD sequence has been verified imothe pCEP/HATRADD-
FL and in the pCEP/HATRADDDD plasmids.

The human TNFR1 full lenght cDNA has been amplified by RT-PCR #1.-60 cells total
RNA using the following primers:

TNFR1BAM1F: 5-CGGGATCCGGCCTCTCCACCGTG-3

TNFR1BAMI1R: 5’-CGGGATCCTCATCTGAGAAGACTGGG-3'.

The amplification product has been cut at the 5’ and 3’ ends by BamHigatet into the
3XFLAG-CMV-10 expression vector (Sigma-Aldrich) after BamHItniegon reaction; the
orientation of the TNFR1 cDNA respect to the plasmid vector leas lassessed using a

TNFR1 cDNA EcoRI asimmetric internal site.

Cell Cultures and Transfection

All cell lines were cultured at 37°C in 5% GQHEK 293 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM), 2 mM L-glutamine, 10% fdtalvine serum (FBS) and
50 mg/ml gentamycin. The human neuroblastoma SK-N-BE cell liregsawn in DMEM
containing 5% FBS, 10% HS (Horse serum), 2 mM L-glutamineg ml gentamycin,
250 ng/ml amphotericin B. Cells were transfected by using the pglgee-immine method
(PEI, Sigma).

SK-N-BE derived cell pools stably transfected with the expresgegmtors pcDNA3Neo
(Invitrogen) carrying the rat wild type (Rp7%) or the indicated mutant p78 cDNAs
were selected in complete medium containing G418 (800mg/mIN-8&- cell pools stably
transfected with the Rp?5/pcDNA or the pcDNA empty vector were transfected with the
pCEP4Hygro (Invitrogen) expression vector carrying either the tyipe or the C-term
truncated human HA tagged TRADD (HA-TRADD) cDNA or the pCEPdigy empty
vector and were selected in complete medium containing Hygiongg60 mg/ ml), and
G418 (150mg/ml). Pools of stably transfected cell clones sdlegidh the appropriate
growth inhibitor, as indicated, were characterized by checkiegttansfected protein/s
expression level by Western-blotting and p7cell membrane localization was checked by
immunofluorescence following the procedure described in Perini,2002. Cell pools

displaying a comparable protein expression level have been selectedter experiments.
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Immunoprecipitation and Western Blot Analysis

To test the expression level of wild-type or mutant Rp7%nd HA-TRADD in the stably
transfected cell pools, cell were lysed in a buffer (Lysis lpuffentaining: 150 mM NacCl,
50 mM Tris pH 7,5, 0,1% NP40, 1 mM PMSF, 1mM NaPirofosfato, 1 mM
NaOrtovanadato, 1x protease inhibitors cocktail, (Complete-Rotthe)ysis procedure let
to obtain a cell lysate enriched in membrane and cytoplasmicrprotei

Protein extracts were fractioned by 4-12% SDS-PAGE (NuPagensystgrogen) and
elettroblotted to nitrocellulose filters (Amersham Bioscindhat were blocked for at least
30 min at room temperature in 5% nonfat dry milk in Tris-Cl pH 80, NaCl 150 mM
(blocking buffer) and incubated in blocking buffer overnight at 4°th vone of the
following antibodies: anti-p75~ 9992 polyclonal antiserum raised against the rat' 575
intracellular region (Promega); anti-TRADD goat polyclonal laody raised against C-
terminal aminoacidic sequence (Santa Cruz); anti-HA monoclonabdgt(Santa Cruz) to
test the HATRADD-DN expression level. Membranes were wasiiee times in blocking
buffer with 0,1% Tween-20 and incubated in the suitable secondary biRfigated
antibody (Jackson-Immunoresearch Lab.) for 1 h at room temperaturebrilees were
then washed as before and signals revealed using ECL (Amersbsceiies).

The interaction between TRADD and p7% was assessed in SKNBE transfected cell pool
at 2 to 8 h after B peptide stimulation or in transiently transfected HEK 293 cals,
described in the text, by Immunoprecipitation and Western blotting.

Cells were washed two times in PBS and lysed in lyses bufédr.lyGate (1.5 mg) was
precleared with protein A-agarose beads (Roche), (30 min at 47d) then
immunoprecipitated with anti-HA Affinity Matrix overnight at 4°The day after, the beads
with immunocomplexes were washed three times with lyses barfigrboiled in Laemmli
sample buffer for 5 min at 100°. Eluted proteins were separated I8+PAGE and

analyzed by Western blot with the indicated antibodies.

Cell death assay

SK-N-BE derived cell pools have been plated on 24-multiwell g&#@Xx10 cells/well);
after 12-18 hours cells have been wash once with medium and exposedAfd #5e35
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peptide (Bachem) or to the contropA85-25 peptide (Bachem) both diluted 2B in the
culture medium. Peptide have been solved and prepared as descritexthi et al, 2002.
After 48 hours cells were washed twice with PBS 1X, detadlyedently pipetting and
loaded in slide-carrying cell chamber to spin cells on the skileg Cytospin IV (Thermo
Shandon) 4 min at 1000 rpm. Immediately after, cells have been fxdd cold
Paraformaldehyde 4% in PBS 1X. After two wash with PBS 1X ckdse been
permeabilaized and labeled with the TUNEL technique following naenturfer instructions
(TUNEL Cell Death Detection KIT-Roche). After the labelingaction cell nuclei have
been stained with Ethidium Bromide u@/ml in PBS 1X for 7 min and then washed three
time in PBS1X and mounted in antifading medium (Vectashield—Vectbg number of
dead cells has been evaluated at the conventional fluorescentaopedZeiss-Axiophot)
using selective band pass filter to detect the FITC-dTTP pocation and filter to detect
the ethidium bromide stain to check for nuclear localization offthREL labeling. When
indicated in the text cytotoxicity level has been evaluated also avitbuble Acridine
orange/Ethidium Bromide in vivo staining as describiéeriqi et al,2002) To validate the
antiapoptotic activity of TRADRDDD truncated mutant, HEK 293 cells seeded on
coverslips in a 6-well multiwells plate were transfectethwilasmid vectors to express
EGFP (to label transfected cells) and Y 75r TRADDADD alone or together. After 12-18
hrs from the transfection cells have been twice washed, fixedldnparaformaldehyde 4%
in PBS 1X and stained for 5 min with Hoehcst 33342 diluted to 500 ng/miI$1XB
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Plasmid vectors

The TrkA construct was produced by cloning the corresponding cDNA i #Cvector
(Invitrogen). The p75NTR constructs were generated as previoestyted [64,65]. Cell
culture and selection of transfected cells Neuroblastoma &&=N64] cells were grown in
DMEM medium containing 10% horse serum, 5% FBS anqug@/Bl of gentamycin. Cells
were transfected with pCEB9empty vector or pCERBTrkA or pCEP#-p75NTR
constructs by using the polyethylene-immine method (PEI, Sigma-Aldfgs]) After
transfection, cells were split and grown in complete DMEMliom@ containing either 400
pMg/ml of G418 (Roche) for the selection of TrkA positive pools of &dBETrkA) or 150
pMg/ml of Hygromycin (Roche) for the selection of p75NTR positive pailsclones
(BEp75). Selected cell pools were collected, expanded and cheredtir expression of
TrkA and p75NTR proteins by Western blotting. BETrkA cells wereestibg to a second
round of transfection with the pCEP4p75NTR construct to generate BEp75/TrkA cell
pools. After transfection cells were split and grown in complé¢d=Bl medium containing
both G418 (400ug/ml) and Hygromycin (15Qug/ml). Cell pools were selected and
characterized for the expression of the receptors as describegl &dben indicated cells
were serum starved for 8 h and then treated for additional 24, 4Bamavith 0.1% BSA,
10 ng/ml or 100 ng/ml human recombinant NGF (Sigma) resuspendddl 1#aBSA/PBS
solution. When indicated cells were pre-incubated 1 h with®2K252a (Calbiochem),
U0126 (0.5uM, 1 uM, 5 uM; Cell Signalling), PD098059 (LM, 5 uM, 10 uM; Alexis
Biochemicals) or NDGA-Nordihydroguaiaretic Acid (M, 5 yM; Sigma-Aldrich) before
adding NGF to the culture medium. Immunoprecipitation After N@&atment, cells were
washed with 1x ice-cold phosphate-buffered saline (PBS), and lysad lia-lysis buffer
[20 mM Tris—HCI pH 7.5, 150 mM NaCl, 1% TRITON X-100, 100 mM NaFmM
Na3VvO04, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 2 mM phenyl-methylsulfdihyoride
(PMSF, Sigma) and a 1x protease inhibitor cocktail (Compledeh®]. The lysate was
incubated on ice for 10 min and clarified by centrifugation. Proteinaci sample were
guantitated by the BCA protein assay (Pierce).Two milligramgproteins from each
sample was incubated O/N at 4 °C with an anti-Trk polyclonal antif@el4, Santa Cruz).
ProteinA agarose beads (dDof 50% bead slurry-Pierce) were added, and samples were
incubated for 3 h at 4 °C. Beads were collected, washed 3 tiitied »vIP-lysis buffer and

resuspended in 2x SDS sample buffer. IP-complexes were analyzechniunoblot.
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Immunoblot Cells were lysed in RIPA buffer, supplemented with phoapdand protease
inhibitors (50 mM Tris—HCI, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, ImMMEDTA, 1mM Na3V0O4, 100 mM NaF, 1x complete psatanhibitor
cocktail, 1ImMPMSF). Fifty micrograms of proteins was lifer 5min in standard 1x
sample buffer, separated on a 10% SDS polyacrilamide gel anedbtwito Hybond ECL
nitrocellulose membranes (Amersham Pharmacia Biotech). Mensoreere blocked and
incubated O/N at 4 °C with the appropriate antiserum. Spdiifi@92 rabbit polyclonal
antiserum raised against the intracellular region of p75NTR avgenerous gift from Dr.
M.V. Chao; anti-Trk(C-14), anti-ERK1/2(K-23) and anti-JNK1(C-1#8re purchased from
Santa Cruz; antiphospho- Tyr-100, anti-phospho-MAPK(ERK1/2), anti-phospho-
SAPK/JINK, anti-phospho-Akt and anti-Akt were purchased from Sigihaling; anti-actin
was purchased from Sigma-Aldrich. Afterward, membranes wash&d and incubated at
room temperature for 1 h in blocking solution containing an HRP-cogdganti-rabbit
secondary antibody (Amersham Pharmacia Biotech). Signal wasetkctsing the ECL
Western blotting detection reagents (Amersham PharmaciadBiot Luciferase assay
2.5%105 cells/well were plated and grown for 24 h before transfeictian24 well plate.
Cells were washed with 1x PBS then transfected with 500 rfgecdfgpropriate responsive
reporter (CREB-Luc provided by E. Ciani, NF-kB-Luc provided by KM&rcu, AP-1-Luc
provided by M. Karin) by using the PEI method. Cells were setamed for 8 h and then
treated for additional 24 h with 0.1% BSA, 10 ng/ml or 100 ndM@IF (Sigma-Aldrich).
When indicated, cells were pre-incubated with K252a, U0126, PD098059 oANBfere
adding NGF to the culture medium. Firefly luciferase agtivlas normalized to that of
Renilla luciferase included as an internal control. Luciferasigity was measured by using
the Luciferase Assay System (Promega) with a TD 20/20 lumitesr(ieurner Designs).
Real-time PCR Total RNA was extracted with TriReage8igrfa-Aldrich). Thirty
micrograms of total RNA was treated with DNASe Turbo (Ambitmyemove possible
genomic DNA contamination. Two micrograms of DNA-free RNAaswretrotranscribed
with 5U of Thermoscript (Invitrogen) in a 34 volume for 1 h at 37 °C. RT reaction was
brought to 100ul final volume with DEPC water. Two microliters of the dddt RT
reaction was used for QT-PCR using the 1Q syber green supéBmiRad). QT-PCR was
performed on an IQ5 Real-time PCR machine (Bio-Rad). PrifeerT-PCR were the
following: AGCGTGGAGCAAGACAGTGG (GUSBY),
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ATACAGATAGGCAGGGCGTTCG (GUSBr), GCAGGACGAGGGTAAAGABAGG
(GAP-43f), GAGAAGAGGGTAGGGAGAGACAGG (GAP-43r),
TGATTAGCAGCGGAACAAGGAG  (p21f), GGAGAAACGGGAACCAGGACK
(p21r).
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