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BH3-Domain-Only Proteins are Key Regulators of p75NTR-Mediated Apoptosis 

Abstract: The p75 neurotrophin receptor (P75NTR) is a member of the Turnor Necrosis 

Factor Receptor (TNFR) superfamily. Similar to TNFR members, p75NTR has been 

reported to mediate programmed cell death (PCD) in a variety of systems, inc1uding 

during development and in response to central nervous system (CNS) injury. However, in 

contrast to TNFR members, which typically signal via Caspase 8 to elicit cell death, 

studies conducted in our laboratory have demonstrated that p75NTR induces cell death 

via an intrinsic mitochondrial death cascade involving c-Jun N-terminal kinase (JNK) 

activation, mitochondrial cytochrome c release and activation ofCaspases 9, 3 and 6. 

In an effort to determine the mechanism by which JNK communicates with the 

mitochondria, we examined downstream targets of JNK inc1uding the BH3-domain-only 

proteins. BH3-domain-only proteins are members of the Bc1-2 family of proteins, which 

have been dubbed mitochondrial gate-keepers, referring to their ability to regulate release 

of mitochondrial proteins such as cytochrome c in response to apoptotic stimuli. Our 

studies revealed that p75NTR overexpression does not transcriptionally upregulate BH3-

domain-only proteins, rather, it results in phosphorylation of BH3 proteins, Bad and 

BimEL at Serines 128 and 65, respectively, in a JNK-dependent manner. Furthermore, 

through loss of function studies employing RNA interference constructs targeting either 

Bad or Bim, as weIl as Bad S128A- or BimEL S65A dominant negative constructs, we 

demonstrated that Bad is critical for p75NTR-mediated apoptosis, while BimEL may 

contribute but is less critical. Together, these studies reveal key roles for BH3-domain­

only proteins in p75NTR-mediated apoptosis. 
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Les protéines à domaine BH3 unique sont des éléments clefs de la voie apoptotique 
induite par p75NTR 

Résumé: Le récepteur aux neurotrophines p75 (p75NTR) appartient à la superfamille 

des récepteurs au TNF (TNFR). De la même façon que les autres membres de cette 

superfamille, p75NTR peut provoquer la mort cellulaire programmée (ou apoptose) dans 

nombre de circonstances dans le système nerveux central, en particulier au cours du 

développement ou suite à des blessures. Cependant, contrairement aux autres membres de 

la superfamille des TNFR, qui induisent l'apoptose en activant une voie de signalisation 

impliquant la Caspase 8 (ou voie apoptotique extrinsèque), des études menées au 

laboratoire ont montré que p75NTR induit l'apoptose via l'activation d'une voie de 

signalisation mitochondriale (ou voie apoptotique intrinsèque) qui implique l'activation 

de la kinase Jun (JNK) et aboutit à la libération du cytochrome c mitochondrial et à 

l'activation des Caspases 9, 3 et 6. 

Dans le but de déterminer le mécanisme par lequel JNK communique avec la 

mitochondrie, nous avons recherché quelles étaient les cibles de JNK parmi les protéines 

à domaine BH3 unique. En effet, les protéines à domaine BH3 unique sont des membres 

de la famille Bcl2, aussi appelées «gardiens mitochondriaux» puisqu'elles sont capables 

de réguler la libération de protéines mitochondriales telles que le cytochrome c en 

réponse à des signaux apoptotiques. Les résultats de notre étude ont montré que la 

surexpression de p75NTR n'active pas la transcription des protéines à domaine BH3 

unique mais provoque la phosphorylation de deux d'entre elles, Bad et BimEL, sur les 

sérines 128 et 65 respectivement, et ce de façon JNK-dépendante. En outre, des études de 

perte de fonction, menées grâce à l'utilisation d'ARNi ciblant Bad et Bim, ainsi que JNK, 

et des études reposant sur l'utilisation d'un dominant négatif de Bim, BimEL S65A, nous 
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ont permis d'établir que Bad est crucial pour le déclenchement de l'apoptose induite par 

p75NTR, tandis que BimEL semble également être impliqué mais dans une moindre 

mesure. Ensemble, ces résultats révèlent l'importance des protéines à domaine BH3 

unique dans l'induction de l'apoptose par p75NTR. 
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Introduction 

Seminal studies performed in the 1940s by Rita Levi-Montalcini and Victor 

Hamburger were propelled by the intriguing observation that cellular death is a naturally 

occurring phenomenon during embryonic development. Together they demonstrated that 

approximately 50% of motor neurons are destined to die during embryonic development 

and that loss or support of neurons could be determined by removal or addition of target 

tissue, respectively (Hamburger and Levi-Montalcini, 1949). This fostered the 

'neurotrophic factor hypothesis,' a concept proposing that target-derived trophic factors 

are produced in limiting quantities resulting in selective support or elimination of 

innervating neurons. It is now weIl established that excess neurons are produced and 

eliminated during development in both the central and peripheral nervous systems (CNS, 

PNS). 

In collaboration with Stanley Cohen, Levi-Montalcini proceeded to isolate the 

first target-derived trophic factor, nerve growth factor (NGF), providing the first direct 

support for the neurotrophic hypothesis (Levi -Montalcini, 1966). An array of trophic 

factors have since been discovered, including the weIl characterized neurotrophins (NTs), 

which have been shown to bind two classes of receptors: the survival-mediating 

Tropomyosin-related kinase (Trk) receptors, and the p75 neurotrophin receptor 

(P75NTR). 

While neurotrophin signaling via Trk receptors remains an unequivocal pro­

survival path, a defined p75NTR signaling schema has remained elusive. Studies to date 

have identified seemingly paradoxical roles for p75NTR ranging from survival to 

apoptosis (Carter et al., 1996; Bhakar et al., 1999; Casaccia-Bonnefil et al., 1996; Frade 
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and Barde, 1999). Intensive efforts to elucidate p75NTR-dependent apoptotic signaling 

mechanisms have revealed requirement of a c-Jun N-terminal kinase (JNK)-dependent 

mitochondrial death pathway involving cytochrome c release and activation of Caspases 

9, 3 and 6 (Bhakar et al., 2003). However, the link between JNK activation and 

mitochondrial cytochrome c release remained unclear. This thesis will discuss the 

research conducted during my Master's studies in order to ascertain the mechanism by 

which JNK communicates with the mitochondria in p75NTR apoptotic paradigms, 

specifically via the actions of the BH3-domain-only proteins, Bad and Bim. 

The Neurotrophins 

The mammalian class of neurotrophins comprises NGF, brain-derived 

neurotrophic factor (BDNF), neurotrophin 3 (NT-3) and neurotrophin 4/5 (NT-4/5) 

(Snider, 1994). NTs are synthesized initially as 30-35kDa glycosylated precursors that 

are subject to calcium-dependent Furin and Convertase 1 and 2-mediated cleavage during 

transit through the secretory path. Cleavage at a conserved di basic site releases a 

biologically active, 13-15kDa mature neurotrophin. Post-proteolytic processing, NTs 

exist as non-covalently associated homo di mers that are secreted either via a constitutive 

secretory pathway, as is observed for NGF and NT-3, or via a regulated secretory 

pathway, as reported for BDNF (Mowla et al., 1999). 

Although originally characterized as target-derived trophic factors, the NTs have 

since been shown to mediate diverse biological functions including cell survival and 

differentiation, axonal outgrowth, synaptic plasticity, and apoptosis (Purves et al., 1988; 

Oppenheim, 1991; Chao, 1992; Barbacid, 1994; Dechant and Barde, 1997; Poo, 2001). 
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Interestingly, NTs are upregulated in the nervous system following many forms of injury. 

Sciatic nerve transection and kindling-induced seizure in rats induce upregulation of 

mature NGF (mNGF) (Heumann et al., 1987; Bengzon et al., 1992), while upregulation 

of proNGF has been reported in Alzheimer's patients, and following spinal cord injury in 

rats (Fahnestock et al., 2001; Beattie et al., 2002). The consequence of NT upregulation 

post-trauma remains obscure and a subject of intense debate. Two contrasting theories 

have been put forth: one proposing that NT upregulation post-injury reflects the nervous 

system's attempt to salvage damaged neurons, and an opposing theory, which suggests 

that upregulated NTs may in fact be acting via apoptotic signaling cascades to eliminate 

damaged neurons. The observation that proNGF is upregulated post-in jury in conjunction 

with its recent identification as an apoptotic p75NTR ligand, may help to clarify this 

issue (Lee et al., 2001). 

The Trk Receptor Tyrosine Kinases 

Mature, homodimeric neurotrophins bind two classes of receptors, the Trk 

receptor tyrosine kinases, and the p75NTR. As members of a larger receptor tyrosine 

kinase family, Trk receptors are Type 1 transmembrane proteins that exhibit a distinct 

neuronal distribution (Martin-Zanca et al., 1989). The Trk receptors include TrkA, TrkB 

and TrkC, which in the presence of p75NTR bind a cognate neurotrophin with high 

affinity (Kd - lO-IIM). Specifically, NGF associates with TrkA, while BDNF and NT-4/5 

associate with TrkB and NT-3 associates with TrkC (Kaplan et al., 1991b; Klein et al. 

1991b; Lambelle et aL, 1991). Notably, in the absence ofp75NTR, high concentrations of 

NT3 can activate TrkA or TrkB (Segal, 2003). 
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The extracellular domains (ECDs) of the Trk receptors are characterized by the 

presence of two cysteine-rich domains flanking a leucine-rich repeat, followed by two 

immunoglobulin (IgG)-like domains, the latter of which mediates NT binding (Urfer et 

al., 1995, 1998). Ligand binding leads to receptor dimerization and subsequent activation 

via trans-phosphorylation of the associated Trk' s activation loop (Jing et al., 1992; 

Cunningham et al., 1997). Two additional trans-phosphorylation events at tyrosine 

residues (Y 490 and Y785 for TrkA) in the juxtamembrane (lM) domain and in the 

carboxy- terminus generate docking sites for signaling adaptors that lead to the activation 

of Ras, phosphotidylinositol 3-kinase (PI-3K) and phospholipase C y (PLC) signaling 

pathways. (Kaplan and Miller, 2000; Roux and Barker, 2002). 

In brief, Y 490 serves as a docking site for two adaptor proteins, Shc and FRS-2 

(Dikic et al., 1995; Meakin et al., 1999). The competition between Shc and FRS-2 

establishes either a transient or sustained signal, which ultimately conf ers a proliferation 

or differentiation response, respectively. Although both pathways converge on a 

canonical RaflMAPK kinase (MEK)/Mitogen activated protein kinase (MAPK) cascade, 

the subtleties in the recruitment of different adaptors such as Crk, as occurs for FRS-2, 

and activation of different G-proteins (Ras for Shc signaling versus Rapl for FRS-2 

signaling), as well as activation of distinct Rafs (Shc activates c-Raf while FRS-2 

activates B-Raf), are critical for dictating the appropriate cellular response. 

The PI3-KlAkt signaling pathway is regarded by many in the field as the most 

critical survival-promoting pathway in neurons (Kaplan and Miller, 2000). PI3-K is 

activated dually, directly through Ras association or through Trk recruitment of Shc­

Grb2 complexes, which in turn associate with insulin receptor substrates (IRS)-1 and -2 
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and Grb-associated binder-l (Gab-l) (Holgado-Madruga et al., 1997). Gab-l 

subsequently activates PI3-K leading to activation ofphosphoinositide-dependent kinase-

1 (PDK1), which upon activation, phosphorylates downstream Protein Kinase B (PKB), 

also terrned Akt. Akt regulates various cell survival-regulating targets and is responsible 

for 'silencing' the pro-apoptotic BH3-domain-only protein Bad by inducing it's 

sequestration with adaptor protein 14-3-3 (Vanhaesebroeck and Alessi, 2000, Datta et al., 

1997). 

Finally, association of PLCy with Y785 of TrkA serves to regulate intracellular 

calcium levels and activity of prote in kinase c (PKC) via cleavage of phosphoinositol 4, 

5-bisphosphate (PIP2). Cleavage of PIP2 leads to production of diacylglycerol (DAG) 

and inositol triphosphate (IP3) (Vetter et al., 1991). While IP3 increases cytosolic calcium 

levels via association with mitochondrial IP3 receptors, DAG serves to activate PKC, 

which is involved in NT -mediated NT release and in synaptic plasticity (Canossa et al., 

1997; Bibel and Barde, 2000). 

While Trk signaling via Ras, PI3-K and PLCy pathways remain well defined, the 

sarne cannot be said for signaling schemas mediated by the p75NTR. The remainder of 

this chapter will now address aspects of the p75NTR. 

The p75 Neurotrophin Receptor 

An Introduction to p75NTR: A member of the TNFR superfamily 

The Type 1 transmembrane p75NTR is a member of the Tumor Necrosis Factor 

Receptor (TNFR) superfamily. As the original member of the TNFR superfamily, 

p75NTR was initially cloned as the NGF receptor (Johnson et al., 1986). A number of 
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TNFR members have since been identified, including TNFRI and 2, Fas receptor 

(FasRlCD95) and CD40. To date, there are approximately 29 TNFR members (Dempsey 

et al., 2003). 

Structurally, TNFR members are characterized by the presence of a cysteine-rich 

ECD. Four cysteine-rich domains (CRDs 1-4) comprise p75NTR's ECD, ofwhich CRD3 

is thought to mediate neurotrophin binding (Yan and Chao, 1991; Baldwin et al., 1992). 

In contrast to the Trk receptors which demonstrate high-affinity binding to cognate NTs, 

all NTs exhibit equal, low-affinity binding to p75NTR (Kd - 10-9M) (Rodriquez et al., 

1990, 1992). Similarly, an invertebrate ligand cysteine-rich neurotrophic factor (CRNF) 

also exhibits nanomolar affinity for p75NTR (Fainzilber et al., 1996). The recognition 

however that mature NTs poody activate p75NTR signaling pathways provided the 

impetus to search for other potential physiological ligands and has since lead to the 

identification ofproNGF as a bonafide p75NTR ligand (Kd ~ lO-loM) (Lee et al., 2001). 

Despite the structural homology present within the ECDs of TNFR members, 

p75NTR binds dimeric, unrelated ligands while members of the TNFR superfamily bind 

trimeric, related, Type II transmembrane ligands. Indeed, this appears consistent with 

p75NTR's tendency to dimerize rather than trimerize, as is observed for other TNFR 

members. While in Fas, TNFRI and CD40, CRDI mediates ligand-independent receptor 

trimerization, the role of CRDI in p75NTR dimerization remains uncertain (Chan et al., 

2000; Siegel et al., 2000). 

The disparate nature of p75NTR, with regard to the TNFR superfamily, is further 

exemplified at the level of ligand-induced changes in receptor aggregation. It has been 

established that TNFRs reside in the plasma membrane (PM) juxtaposed in a trimeric 
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complex via CRD1, in what is tenned a Pre-Ligand Assembly Domain (PLAD). Upon 

binding of related, trimeric ligand, a confonnational change is induced resulting in the 

separation of the receptor' s aggregated cytoplasmic tails and subsequent recruitment of 

various signaling adaptors, all while maintaining extracellular contacts. In contrast, recent 

co-crystallization of NGF with the ectodomain of p75NTR provides evidence that 

association of dimeric NGF disrupts existing p75NTR di mers due to an imposed 

allosteric change which renders NGF's second p75NTR-binding site defective (He and 

Garcia, 2004). Notably, although dimeric NGF associates asymmetrically with a single 

p75NTR molecule, the TrkA binding site within the NGF core remains intact, supporting 

the possibility of the association of a tripartite complex involving NGF, TrkA and 

p75NTR (He and Garcia, 2004). 

Interestingly, none of the TNFR members exhibit intrinsic catalytic activity, 

rather signaIs initiated by ligand-receptor association are transduced via the recruitment 

of adaptor molecules to the receptor's intracellular domain (lCD). p75NTR's ICD 

harbors a number of potential adaptor association motifs, inc1uding its highly conserved 

JM domain, a potential TNFR -associated factor (TRAF) binding site which possesses a 

motif similar to the TRAF6 consensus sequences found in CD40, a carboxy-tenninal 

Type II death domain (DD), as well as an extreme carboxy-tenninal PDZ (present in 

PSD95, DIg, and ZO-I) binding motif (Large et al., 1989; Pullen et al., 1999; Liepinsh et 

al., 1997; Sheng and Sala, 2001). 

Signaling adaptors identified to date include neurotrophin receptor-interacting 

factors (NRlF) -1 and -2, which interact with the JM region and DD of p75NTR 

(Casademunt et al., 1999; Benzel et al., 2000). Structural homology with Zac1, a tumor 
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suppressor gene that regulates apoptosis and induces cell-cycle arrest, suggests that 

NRIF1I2 may regulate p75NTR-dependent apoptosis and/or cell-cycle arrest (Spengler et 

al., 1997). Neurotrophin-receptor-interacting MAGE homolog (NRAGE) , a MAGE 

family member identified in a yeast-two-hybrid screen, associates with p75NTR via its 

lM domain. Studies conducted by Salehi and colleagues identified roles for NRAGE in 

cell cycle exit as well as in NGF-mediated p75NTR-dependent PCD (Salehi et al., 2000). 

lntriguingly, NRAGE competes with TrkA for binding to p75NTR suggesting that 

recruitment of NRAGE may terminate TrkA-mediated survival signaIs (Salehi et al., 

2000). 

NADE, also identified in a yeast-two-hybrid screen, associates with p75NTR's 

DD in a NGF-dependent fashion and has been shown to mediate apoptosis in both 

mammalian celllines and primary cultures (Mukai et al., 2000; Park et al., 2000b). Other 

identified cytosolic adaptors include TRAF 4 and 6, which promote survival, although 

sorne studies suggest that all TRAFs associate with p75NTR (Krajewska et al., 1998; 

Khursigara et al., 1999; Ye et al., 1999b). Finally, helix 5 of p75NTR's DD, which 

exhibits homology to the GTPase activation domains in the wasp venom peptide 

mastoparan, has been shown to associate with Rho GDP dissociation inhibitor 

(RhoGDI), Ieading to activation of RhoA and subsequent neurite outgrowth inhibition 

(Yamashita and Tohyama, 2003). 
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Evidence of p75NTR Function 

1. The Paradox: RaIes in Survival and Programmed Cel! Death (PCD) 

The precise role of the p75NTR remains ambiguous and seemingly paradoxical as 

emerging studies implicate p75NTR in roles of regulation of neurite outgrowth inhibition 

to regulation ofboth survival and apoptosis (Yamashita and Tohyama, 2003; Carter et al., 

1996; Bhakar et al., 1999; Casaccia-Bonnefil et al., 1996; Frade and Barde, 1999). 

Evidence in support of neurotrophin-mediated p75NTR-dependent apoptosis 

during development and in response to injury however, is substantial. In vitro studies 

performed by Chao and colleagues revealed that application of NGF to postnatal rat 

oligodendrocytes resulted in a sustained increase of intracellular ceramide and JNK 

activity, leading to apoptosis (Casaccia-Bonnefil et al., 1996). In vivo studies employing 

transgenic mice expressing p75NTR's intracellular domain demonstrated profound 

reductions in numbers of sympathetic and peripheral sensory neurons (Majdan et al., 

1997). Pilocarpine-induced epileptic seizures in rats revealed significant correlation 

between transcriptional and translational upregulation of p75NTR within neurons of the 

hippocampus, piriform cortex and entorhinal cortex, and TUNEL-positive neurons, 

supporting a role for p75NTR in injury-induced apoptosis within the CNS (Roux et al., 

1999). Studies employing NGF and p75NTR function blocking antibodies revealed a 

requirement for both in apoptosis of retinal ganglion cells during development of the 

chick retina, and subsequent studies examining p75NTRExonlIl-l- mice revealed roles for 

p75NTR and NGF in the developing mouse retina and spinal cord (Frade et al., 1996; 

1999). 
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However, despite compelling in vivo evidence demonstrating the functional 

potency of p75NTR in PCD, only recently has a physiological apoptotic ligand been 

identified. Lee and colleagues demonstrated that proNGF binds to p75NTR with higher 

affinity than mNGF, while exhibiting only weak affinity for TrkA, and consistent with 

this observation, proNGF induced apoptosis in p75NTR-expressing smooth muscle cells 

more potently than mNGF. In light of this evidence, one can conclude that regulation of 

cell survival may therefore depend upon the ratio of proNTs to mNTs. Furthermore, the 

observation that proNTs comprise a large portion of the secreted NT pool and are 

upregulated in response to injury concomitant with p75NTR, supports the link between 

this ligand-receptor complex and injury-induced apoptosis (Lee et al., 2001b, Beattie et 

al., 2002). 

Ironically, p75NTR has also been implicated in survival. Analogous to other 

TNFR members, which elicit either survival or death through nuclear factor-kappa B 

(NF-KB) activation or DD interactions, respectively, p75NTR has been reported to 

activate NF-KB in a number ofcell types (Dempsey et al., 2003; Carter et al., 1996; Yoon 

et al., 1998; Bhakar et al., 1999; Gentry et al., 2000). Although direct p75NTR-mediated 

NF-KB activation appears mode st relative to TNF-mediated activation, p75NTR enhances 

TNF-mediated NF-KB activation and direct p75NTR-mediated NF-KB activation can be 

enhanced following cellular stress (Carter et al., 1996; Bhakar et al., 1999). Finally, low 

levels ofp75NTR have been reported to promote survival through the activation ofPI3-K 

and Akt in a TrkA-independent manner (Roux et al., 2001). 
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II. p75NTR is a Trk Co-Receptor 

The apparent paradox of p75NTR's role in both survival and PCD may be 

attributed in part to p75NTR's ability to signal autonomously or function as a Trk co­

receptor, whereby p75NTR augments Trk's affinity for its preferred ligand. Specifically, 

p75NTR enhances the affinity of TrkA for NGF, while decreasing affinity for NT-3. 

Similarly, p75NTR differentially modulates interactions of TrkB with BDNF and NT-4/5 

(Bibel et al., 1999). The recent co-crystallization of NGF with p75NTR's ectodomain 

supports the notion of the existence of a tripartite complex involving NGF, TrkA and 

p75NTR. He and Garcia clearly demonstrated that homodimeric NGF associates 

asymmetrically with a single p75NTR mole cule while maintaining the structural 

conformation of NGF's TrkA binding site, suggesting that NGF may simultaneously 

occupy p75NTR and TrkA, permitting p75NTR augmentation of TrkA's ligand 

specificity (He and Garcia, 2004). Interestingly, the observation that NRAGE prevents 

TrkA association with p75NTR in order to elicit death, suggests that autonomous 

signaling via p75NTR initiates PCD, while action as a Trk co-receptor mediates survival, 

likely through suppression of p75NTR signaling (Yoon et al., 1998; Salehi et al., 2000). 

Notably however, many of the studies reporting p75NTR-mediated survival are 

independent of Trks suggesting that autonomous p75NTR signaling may also dictate cell 

survival (Cheng and Mattson, 1991; Shimohama et al., 1993). 

III. Sortilin: A Required Co-Receptor for proNGF-Induced p75NTR-Mediated PCD 

The past few years have experienced a surge III the identification of novel 

p75NTR co-receptors. Although each new addition seemingly improves our 
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understanding of p75NTR function, each discovery yields new and perplexing questions. 

Such is the case for Sortilin, a member of the vacuolar prote in sorting 10 protein 

(Vps10p) domain receptor family, recently identified as a required co-receptor for 

proNGF-induced p75NTR-dependent cell death (Nykjaer et al., 2004). Nykjaer and 

colleagues revealed that proNGF associates with Sortilin directly via its prodomain and 

that Sortilin association with p75NTR is enhanced in the presence of proNGF. 

Furthermore, endocytosis of proNGF is permitted only in the presence of both receptors 

and proNGF selectively induces sympathetic neuronal death through p75NTR and not 

TrkA (Nykjaer et al., 2004). 

Although originally identified as a neurotensin (NE) receptor (Zsürger et al., 

1994), Sortilin has primarily been characterized as a sorting molecule involved in 

endoplasmic reticulum (ER)-golgi trafficking. Consistent with this role, Sortilin exhibits 

homology with established sorting receptors, Vpsl0p and mannose-6-phosphate receptor 

(M6PR) (Petersen et al., 1997). Expressed initially as a 100kDa precursor, Sortilin is 

subject to furin-mediated cleavage in late Golgi compartments, which releases an amino­

terminal propeptide, generating a 95kDa Type 1 glycoprotein. Processing is critical for 

Sortilin function since in its precursor form, the prodomain has been demonstrated to 

bind a resident VpslOp-like domain, sterically occluding ligand binding (Petersen et al., 

1999). Moreover, Sortilin remains unable to bind ligand post-cleavage until it reaches 

compartments for acid-assisted dissociation and clearance of the propeptide. Once 

activated, Sortilin may associate with ligands in the trans-Golgi network (TGN), in 

secretory vesicles or on the PM. 
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Interestingly, only 5% of Sortilin is expressed at the PM, however; exposure to 

secreted factors such as NE and insulin have been reported to induce translocation from 

an intracellular vesicular pool to the PM (Mazella et al., 1998; Chabry et al., 1993; 

Morris et al., 1998). Sortilin recruitment to the PM has been hypothesized to scavenge 

excess NE and terminate NE signaling through subsequent endocytosis and lysosomal­

mediated degradation (Petersen et al., 1999). Studies examining mechanisms of Sortilin 

endocytosis have revealed a requirement for a C-terminal sequence 'YSVL,' which 

conforms to the c1assical YXX~ motif that signaIs rapid endocytosis through coated pits 

of several other proteins inc1uding M6PR (Niel sen et al., 2001). Furthermore, these 

studies revealed that following endocytosis, Sortilin travels to the TGN bypassing late 

endosomes, displaying only minor recyc1ing to the PM. Intriguingly, recent investigations 

examining the kinetics and route of ligand-induced intemalization of the p75NTR 

demonstrated c1athrin-mediated endocytosis of the p75NTR-ligand complex, bypass of 

late endosomes and accumulation within non-acidified intracellular vesicles. 

Accordingly, p75NTR exhibited slow recyc1ing to the PM. Collectively, the observed 

parallels in Sortilin and p75NTR endocytic properties provide additional evidence in 

support of the establishment of a Sortilin-p75NTR receptor complex (Bronfman et al., 

2003). 

The identification of Sortilin as a required co-receptor for proNGF-induced 

p75NTR-dependent apoptosis has not surprisingly raised a number of interesting 

questions. Since Sortilin functions as a trafficking prote in in the secretory pathway, one 

might posit that Sortilin facilitates enhanced secretion of proNGF post-in jury. 

Altematively, Sortilin in complex with proNGF may translocate to the PM where they 
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can then associate with p75NTR to form an apoptotic signaling complex, or rather 

proNGF itself may act as an extracellular cue to trigger PM insertion of intracellular 

Sortilin receptors, ultimately facilitating Sortilin-p75NTR association and subsequent 

ligand binding. The mechanism by which a proNGF-Sortilin-p75NTR complex is formed 

will undoubtedly be a subject of intense interest as it could provide a potential therapeutic 

target through which we can combat neurodegenerative disease, which is often 

characterized by aberrant PCD, and/or trauma-induced PCD. 

IV. A p75NTR, NogoR and LINGO-l Complex Negatively Regulates Neurite Outgrowth 

Inhibition of neurite outgrowth in the CNS remains a major challenge in axon 

regeneration. Much of the axon inhibitory activity in the CNS has been associated with 

myelin-derived proteins, inc1uding Nog066, myelin-associated glycoprotein (MAG), and 

oligodendrocyte-myelin glycoprotein (OMgp), all of which exert their effects through the 

Nogo receptor (NgR) to activate RhoA (Fournier et al., 2001; Liu et al., 2002; Kottis et 

al., 2002). RhoA is a small GTPase that regulates actin polymerization in a state­

dependent manner, such that in its active GTP-bound state, RhoA stabilizes the actin 

cytoskeleton thereby preventing growth co ne collapse and neurite outgrowth (Schmidt 

and Hall, 2002). Recent studies demonstrating p75NTR-dependent RhoA modulation in 

response to MAG, despite the fact that MAG does not directly associate with p75NTR, 

raised the possibility that MAG may be signaling via a p75NTR co-receptor (Yamashita 

et al., 2002). This observation in conjunction with the fact that glycosyl 

phosphotidylinositol (GPI)-linked NgR lacked an intracellular domain, thus suggesting 

requirement of an additional transmembrane protein with signaling capabilities, lead to 
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the identification of p75NTR as a NgR co-receptor (Wong et al., 2002; Wang et al., 

2002a). 

Consistent with a role in axonal outgrowth inhibition, p75NTRExonIII-I- mice were 

unresponsive to myelin or myelin-derived proteins and truncated p75NTR lacking its 

ICD attenuated myelin-induced outgrowth inhibition when overexpressed in primary 

neurons (Wang et al., 2002a). Furthermore, recent studies have shown that MAG or 

Nog066 treatment promotes p75NTR association with RhoGDI, an inhibitor which 

sequesters RhoA. Relief of RhoA inhibition permits RhoA activation through exchange 

of GDP for GTP, and subsequent inhibition of outgrowth which is thought to proceed 

through pathways which suppress Rho kinase (ROCK) and that act upon the actin 

cytoskeleton (McKerracher and Winton, 2002). Notably, these effects are hampered by 

addition of NT, which inhibits RhoA activity (Yamashita and Tohyama, 2003). 

Intriguingly, p75NTR has also been implicated as a positive modulator of PNS 

myelination, a role that appears at odds with its role in the CNS (Cosgaya et al., 2002). 

Recently however, failure to reconstitute outgrowth inhibition in vitro using NgR 

and p75NTR together has lead to the identification of an additional co-receptor, LINGO-

1 (LRR and Ig domain-containing, Nogo Receptor interacting protein). Together, NgR in 

association with p75NTR and LINGO-l form a temary complex capable of mediating 

axonal outgrowth inhibition (Mi et al., 2004). 
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Mechanisms of Neuronal Apoptosis 

1. Pro-apoptotic TNFRs Activate an Extrinsic Death Cascade 

Neuronal apoptosis proceeds via two classical death mechanisms, an extrinsic 

pathway that is characterized by activation of a caspase cascade, and an intrinsic pathway 

that is characterized by organelle dysfunction (Dempsey et al., 2003). Typically, the 

extrinsic pathway is employed by DD-containing TNFR members such as TNFRI and 

Fas receptor (FasR). Despite observed similarities in TNFR family receptor activation 

and structure however, it is interesting to note that receptor recruitment of different 

cytosolic adaptors dictates unique cellular outcomes. 

The apoptotic pathways activated by TNFR superfamily receptors are exemplified 

by the FasR. Binding of trimeric Fas ligand induces a conformational change in the FasR 

complex, leading to association of the DD-containing adaptor Fas Associated Death 

Domain (F ADD), via DD-DD interactions. Procaspase 8, which possesses two carboxy­

terminal death effector domains (DEDs), subsequently associates with the DED of 

F ADD, resulting in the assembly of a death-inducing signaling complex (DISC) 

(Kischkel et al., 1995; Boldin et al., 1996; Muzio et al., 1996). Aggregation within the 

DISC promotes cleavage of Caspase 8's pro do main rendering Caspase 8 active in what is 

termed a proximity model of caspase activation (Yang et al., 1998). Upon activation, 

Caspase 8 acts as an executioner caspase to activate downstream effector caspases, 

Caspase-3, -6 and -7. Effector caspases mediate proteolytic cleavage of various cellular 

substrates including inhibitor of caspase activated DNase (lCAD). Subsequent release of 

DNases leads to DNA fragmentation, a hall mark of apoptotic death. 
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In contrast to FasR, TNFRI has the ability to initiate either survival or death 

signaIs. In fact, TNFRI most often induces the transcription and activation of 

inflammatory genes. This property reflects TNFRI 's ability to recruit TNFR associated 

death domain (TRADD), also via DD-DD interactions, which in tum recruits TRAF2 and 

receptor-interacting protein (RIP). The assembled complex activates NF-KB and JNK 

signaling pathways, which initiate inflammatory rather than apoptotic responses (Hsu et 

al., 1996). TRADD can also recruit F ADD however, leading to the initiation of a Caspase 

8-dependent apoptotic pathway. Thus, the resulting cellular outcome reflects a delicate 

balance between the two competing receptor complexes, a balance which in tum is 

regulated through levels of cFLIP. NF-KB transcriptionally upregulates cFLIP, which in 

tum serves to inhibit the assembled Caspase-8-F ADD complex. Through this mode of 

regulation TNF-mediated apoptosis only occurs when NF-KB activation and subsequent 

cFLIP transcription are insufficient (Danial and Korsmeyer, 2004). 

II. Death lnduced Via Trophic Factor Deprivation Activates an lntrinsic Death Cascade 

The intrinsic death pathway, which is characterized by organelle dysfunction such 

as that at the level of the ER or mitochondria, has been demonstrated primarily in trophic 

factor withdrawal death paradigms. Early studies conducted by Eugene Johnson's group 

employing a model of NGF deprivation in sympathetic neurons have elegantly 

demonstrated induction of an intrinsic apoptotic cascade requiring transcription and 

translation, JNK activation and subsequent activation of its target, the activating protein 

(AP)-1 transcription factor c-Jun, as weIl as mitochondrial cytochrome c release and 

activation of Caspase 9 (Martin et al., 1988; Deshmukh et al. 1996; Deshmukh and 

18 



Johnson, 1998; Martinou et al., 1999; Putcha et al., 1999; Eilers et al., 2001; Bruckner et 

al., 2001; Harding et al., 2001). 

Upstream signaling events following NGF withdrawal appear to involve 

activation of GTPases Cdc42 and Rac1, which associate via a Cdc42/Rac1 interactive 

binding (CRlB) motif found in MAPKKKs such as MEKKI-MEKK4 and mixed lineage 

kinases (MLK)-2 and -3 (Bazenet et al., 1998; Hirai et al., 1996; Tibbles et al., 1996; 

Sakuma et al., 1997). Activation of MAPKKKs leads to initiation of a MAPK cascade in 

which MAPKKKs phosphorylate and activate MAPKKs such as MKK417, which in tum 

phosphorylate and activate MAPKs such as JNK, which in tum target AP-l transcription 

factors such as c-Jun, ATF-2 and Elk-l (Xu et al., 2000; Sakuma et al., 1997; Bruckner et 

al.,2001). 

Recent studies have revealed that following NGF deprivation in sympathetic 

neurons or potassium chloride (KCI) deprivation in cerebellar granule neurons, that c­

Jun-mediates transcription of the BH3-domain-only proteins BimEL and DpS/Hrk (Harris 

and Johnson, 2001; Whitfield et al., 2001). The BH3-domain-only proteins have been the 

subject of intense investigation since they are thought to regulate mitochondrial 

membrane integrity, therefore indirectly regulating release of intermembrane space 

proteins including cytochrome c, apoptosis inducing factor (AIF), second mitochondria­

derived activator of caspase (SmaclDiablo) and endonuclease G (Liu et al., 1996a; Susin 

et al., 1999; Du et al., 2000; Verhagen et al., 2000; Li et al., 2001). 

Cytochrome c release represents a critical step in the mitochondrial death path 

since upon its release it drives oligomerization of apoptotic protease activating factor-l 

(Apaf-l), which in tum associates with Procaspase 9 via its caspase activation and 
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recruitment domain (CARD) (Zou et al., 1997). Collectively, these proteins assemble a 

functional apoptosome that upon ATP hydrolysis activates Caspase 9 through cleavage of 

its prodomain (Shiozaki et al., 2002). As an executioner caspase, Caspase 9 may then 

proceed to activate downstream effector caspases, Caspase-3, -6, and -7. 

III. The Extrinsic and Intrinsic Death Pathways are not Mutually Exclusive 

It is important to note however, that the extrinsic and intrinsic cell death pathways 

are not mutually exclusive. Until recently the only known mechanism of cross-talk was 

via a BH3-domain-only protein Bid. When subject to Caspase-8 mediated cleavage the 

resulting truncated product tBid was shown to translocate to the mitochondria where it 

induces cytochrome c release (Li et al., 1998; Luo et al., 1998). Recent investigations 

however, have revealed that mitochondrial events are required for apoptosis induced by 

TNF-related apoptosis-inducing ligand (TRAIL), which associates with members of the 

TNFR superfamily known as TRAIL receptors. Specifically, TRAIL-induced apoptosis 

requires Bax-dependent mitochondrial release of Smac/Diablo, but not cytochrome c 

(Deng et al., 2002). Studies by the same group have also revealed that a JNK-dependent 

pathway is required for TNFa-induced apoptosis. The authors of the study show that 

JNK mediates a Caspase-8-independent cleavage of Bid to generate jBid. jBid in tum 

translocates to the mitochondria to induce preferential release of Smac/DIABLO, which 

in tum disrupts TRAF2-c-inhibitor of apoptosis (IAP)-1 complexes that function to 

prevent Caspase 8 activation (Deng et al., 2003). 
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IV. Mechanisms ofp75NTR-Dependent Apoptosis 

Efforts in our lab have sought to determine the mechanism by which p75NTR 

elicits an apoptotic response. Does p75NTR induce death via an extrinsic pathway similar 

to other members of the TNFR superfamily or does p75NTR initiate an intrinsic, 

mitochondrial death response as observed in trophic factor deprivation paradigms? 

Accumulating evidence indicates quite convincingly that p75NTR-mediated cell death 

proceeds via an intrinsic, mitochondrial death cascade. Furthermore, studies suggest that 

p75NTR may in fact facilitate death induced through trophic factor deprivation. This is 

evidenced in sympathetic neurons derived from p75NTRExonIII-I- mice which exhibit a 

significant delay in death following NGF deprivation, as compared to controllittermates 

(Bamji et al., 1998). Moreover, reductions in p75NTR expression in differentiated 

pheochromocytoma (PC 12) cells and sensory neurons render these cells less sensitive to 

trophic factor withdrawal-mediated death (Barrett and Georgiou, 1996; Barrett and 

Bartlett, 1994). 

Consistent with these observations, many of the signaling effectors activated in 

response to trophic factor withdrawal are also observed in p75NTR death paradigms. 

Oligodendrocytes undergoing p75NTR-dependent apoptosis demonstrate both Rac and 

JNK activation (Harrington et al., 2002), as observed in sympathetic neurons subject to 

NGF withdrawal. p75NTR-mediated JNK activation and activation of its downstream 

target c-Jun has been observed in a number of systems, including oligodendrocytes, 

sympathetic neurons, hippocampal neurons, cortical neurons and PC12 cells (Casaccia­

Bonnefil et al., 1996; Yoon et al., 1998; Aloyz et al., 1998; Bamji et al., 1998; Friedman, 

2000; Troy et al., 2002; Bhakar et al., 2003; Roux et al., 2001). Despite reports of c-Jun 
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activation however, Cre-Iox conditional c-Jun knockouts suggest that while c-Jun is 

essential for sympathetic neuronal death induced by NGF withdrawal, it is not required 

for p75NTR-mediated death (Palmada et al., 2002). Data from this same group also 

suggests that p75NTR-mediated death requires protein synthesis and although no 

evidence to date indicates a requirement for transcription, studies from our lab indicate 

that p75NTR also phosphorylates the AP-l transcription factor ATF-2 (Bhakar, 

unpublished). 

p75NTR activation has also been shown to lead to mitochondrial cytochrome c 

release, again analogous to modes of TFD-induced death. Similarly, expression of 

NRAGE, a p75NTR interactor that induces JNK-dependent death, also mediates 

cytochrome c release (Salehi et al., 2002; Bhakar et al., 2003). Furthermore, a number of 

studies have also demonstrated p75NTR-mediated activation of Caspase-9, -3 and -6, (Gu 

et al., 1999; Wang et al., 2001; Troy et al., 2002; Bhakar et al., 2003). 

Finally, evidence to suggest that p75NTR does not elicit death in a manner 

analogous to other TNFR members include the observation that p75NTR does not 

associate with adaptor molecules F ADD and TRADD, likely due to structural differences 

in the orientation of a-helices contained within p75NTR's DD, and consistent with 

failure to bind FADD or TRADD, p75NTR does not activate Caspase-8 (Wang et al., 

2001; Barker, unpublished results). 
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Prelude to Chapter 2 

Numerous lines of evidence support a role for p75NTR in apoptosis both during 

development and in response to injury (Casaccia-Bonnefil et al., 1996; Frade and Barde, 

1999; Roux et al., 1999; Beattie et al., 2002). Significant progress has been made in 

understanding the signaling cascade that defines p75NTR-mediated cell death inc1uding 

recent work from our laboratory which demonstrates in multiple celllines and in primary 

neurons that p75NTR activates a mitochondrial, intrinsic death pathway requiring JNK 

activation, mitochondrial cytochrome c release and activation of Caspase-9, -3 and -6 

(Bhakar et al., 2003). Despite this progress, key aspects of the pathway remain elusive, 

specifically the mechanism by which JNK communicates with the mitochondria to 

mediate cytochrome c release. The observation that JNK phosphorylates and activates 

AP-l transcription factors c-Jun and ATF-2, of which the former has been shown to 

mediate transcription of the BH3-domain-only proteins BimEL and Dp5/Hrk in trophic 

factor withdrawal paradigms, suggests that p75NTR may also elicit death through 

transcriptional upregulation of this c1ass of proteins (Harris and Johnson, 2001; Whitfield 

et al., 2001). 

However, recent studies in which neurons were deprived of trophic support or 

subjected to stress have reported post-translational modifications of the BH3-domain­

only proteins, Bad and Bim (Konishi et al., 2002; Donovan et al., 2002; Lei and Davis, 

2003; Putcha et al., 2003). In light of these evidences, 1 sought to determine the 

involvement ofBH3-domain-only proteins, Bad and Bim, in p75NTR-mediated apoptosis 

and more specifically, the role of post-translational modifications induced through 
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p75NTR overexpression. These investigations which formed the basis of my Master's 

research are discussed in Chapter 2. 

24 



Chapter 2 

BH3-Domain-Only Pro teins are Key Regulators of p75NTR-Mediated Apoptosis 

25 



An Introduction to the Bcl-2 Protein Family 

BH3-domain-only proteins are members of a larger elass of proteins termed the 

Bel-2 family. The Bel-2 proteins constitute a critical intracellular checkpoint in the 

intrinsic death pathway due to their ability to regulate the integrity of organelles such as 

the ER and mitochondria. The Bel-2 family is characterized by three subsets of proteins, 

defined in part by the homology shared within conserved Bel-2 homology (BH) domains. 

Anti-apoptotic members such as Bel-2, Bel-XL, Bel-W and MCL-1 display conservation 

throughout aIl four of the BH domains (BHl-4) (Boise et al., 1993; Gibson et al., 1996; 

Kozopas et al., 1993). The "multidomain" pro-apoptotic members Bax and Bak possess 

BHl-3 domains and are sequestered either in the cytosol or at the outer mitochondrial 

membrane (OMM), respectively, through association with anti-apoptotic Bc1-2 members. 

Activation through release exposes their hydrophobie a-helical BH3-domain, which 

serves to target them to the ER or OMM where they can oligomerize and compromise 

organelle integrity (Wei et al., 2001; Scorrano et al., 2003). Finally, the pro-apoptotic 

BH3-domain-only proteins, which as the name suggests, share homology only in this nine 

amino acid segment with other members of the Bc1-2 family. To date, 10 mammalian 

BH3-domain-only proteins have been identified inc1uding Bad, BikINbk, Bid, Bim/Bod, 

Bmf, Dp5/Hrk, NOXA and PUMA and one C. elegans BH3-only protein, EGL-1 

(Puthalakath and Strasser, 2002). 

1. The Pro-survival Bcl-2 Members 

The Bel-2 family of proteins exhibit a finely-tuned level of regulation, such that 

slight alterations in the balance of respective members dictate a particular cellular 
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outcome. Pro-survival Bel-2-like members ineluding Bel-2 and Bel-XL protect cells 

against a broad range of insults and are essential for cell survival (Veis et al., 1993). As 

suggested, these cytosolic proteins localize to the OMM, as well as to the ER and nuclear 

envelope, where they function to inhibit the multi-domain pro-apoptotic Bax and Bak 

proteins from multimerizing and compromising organelle integrity (Lithgow et al., 1994; 

Krajewski et al., 1994; O'Reilly et al., 2001). In the case of the OMM, this prevents 

mitochondrial cytochrome c release and therefore subsequent assembly of a functional 

apoptosome involving Apaf-l and Caspase-9 (Green and Reed, 1998). In regards to the 

ER, this may prevent rises in intracellular calcium, which at sufficiently high levels 

trigger an apoptotic response (McCormick et al., 1997; Hacki et al., 2000). 

II. The Pro-Apoptotic, Multi-Domain Proteins Bak and Bax 

Bak and Bax together constitute a critical segway to mitochondrial permeability, 

as evidenced by failure to release cytochrome c in Bak, Bax doubly deficient cells (Zong 

et al., 2001; Cheng et al., 2001; Wei et al., 2001). Similarly, reports suggest that Bak and 

Bax localize to the ER where they compromise ER integrity, leading to calcium release 

and death (Nutt et al., 2001). Activation of Bax and Bak involves exposure of their 

hydrophobic BH3-domains (Wei et al., 2000; Antonsson et al., 2001). Structural analysis 

reveals that in its monomeric, inactive form, Bax's hydrophobic pocket, formed by BHl, 

2 and 3 domains, harbors its carboxy-terminal a9 helix, which is essential for 

mitochondrial targeting. Following activation, which may occur either through release 

from anti-apoptotic Bel-2 members or direct activation by BH3-domain-only proteins, a 
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conformational change occurs displacing the carboxy-terminal a9 helix, thus facilitating 

mitochondrial targeting (Suzuki et al., 2000). 

The mechanism by which Bak and Bax compromise organelle integrity remains 

speculative and a number of hypotheses have been put forth. One model supports that 

oligomerized Bax or Bak may form pores capable of releasing cytochrome c. This theory 

is based primarily on the structural similarities apparent between the amphipathic BH3-a­

helix, possessed in both multi-domain Bax and Bak proteins as well as BH3-domain-only 

proteins, and the pore-forming helices of bacterial toxins (Muchmore et al., 1996). 

Evidence in favor of this model is the observation that recombinant Bax forms homo­

oligomeric pores in liposomes harboring cytochrome c, leading to cytochrome c release. 

Altematively, Bax and Bak have been proposed to interact with resident mitochondrial 

proteins such as voltage dependent anion channel (VDAC) or adenine nuc1eotide 

exchanger (ANT), which have been proposed to release cytochrome c directly or trigger 

the mitochondrial permeability transition (PT) (Shimizu et al., 1999; Marzo et al., 1998). 

The PT pore (PTP), of which VDAC and ANT are proposed components, is a high­

conductance, non-selective inner mitochondrial membrane (lMM) channel whose 

opening increases IMM permeability to solutes up to 1500 Da, without necessarily 

inducing mitochondrial swelling or depolarization (Bemardi, 1999; Huser et al., 1998). 

The existence of the PTP remains highly controversial however, since under sorne 

experimental conditions Bax was noted to induce PT, while in others it was not (Marzo et 

al., 1998; Narita et al., 1998; Pastorino et al., 1998; Jurgensmeier et al., 1998; Eskes et 

al., 1998). Furthermore, oligomeric Bax appears to release cytochrome c in the absence 

of a PT, again suggesting that PT may not be required for intrinsic death pathways 
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(Gogvadze et al., 2001). Although these diserepancies may refleet differenees in 

experimental design, mueh remains to be resolved surrounding the role of Bax and Bak in 

the formation of the PT. Finally, global meehanisms of OMM permeabilization including 

altered membrane eurvature and lipid pores are also being investigated. 

III. The Pro-Apoptotic BH3-Domain-Only Proteins 

The BH3-domain-only proteins funetion as upstream sentinels that seleetively 

respond to proximal death eues. Alternative hypotheses have also been proposed for the 

meehanism by whieh BH3-domain-only proteins exert their biologieal funetions. One 

model suggests that BH3-domain-only proteins autonomously induee eytoehrome c 

release, without the involvement of Bax or Bak, but rather the involvement of lipids sueh 

as eardiolipin whieh are present in both the OMM and IMM (Kuwana et al., 2002). 

Alternatively, BH3-domain-only proteins are proposed to interaet and inhibit Bcl-2 

family members, a model for which there is substantial evidenee (Kelekar et al., 1997; 

O'Connor et al., 1998; Chang et al., 1999; Puthalakath et al., 2001). BH3-domain-only 

proteins have also been reported to direetly aetivate Bax and Bak, thereby mediating Bax­

Bak oligomerization and eytoehrome c release. Data supporting this model regards the 

BH3-domain-only protein Bid. As diseussed previously, Caspase-8 mediated cleavage of 

Bid generates tBid, a pro-apoptotie peptide whieh initiates apoptosis by aetivating 

mitoehondrial Bax and Bak (Li et al., 1998; Luo et al., 1998). It is important to reeall 

however that in Bax's monomerie, inactive state, its earboxy-terminal a.9 helix lies 

within a hydrophobie poeket formed by BHl-3 domains. If BH3-domain-only proteins 

are to funetion by inserting their BH3-peptide into the groove formed by BHl-2 domains, 
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one must consider whether the tBid-Bax association is more favorable than the 

hydrophobie interactions stabilizing the a9 helix. Only if the tBid-Bax association is 

more energetically favorable would this permit disengagement of the peptide and 

subsequent mitochondrial targeting (Letai et al., 2002; Suzuki et al., 2000). Interestingly, 

Bid has been also reported to interact with anti-apoptotic Bcl-2 members. Finally, BH3-

domain-only proteins have been reported to directly interact with ANT and VDAC to 

induce mitochondrial dysfunction and cytochrome c release (Zamzami et al., 2000; 

Sugiyama et al., 2002). 

The actions of BH3-domain-only proteins are evident in both extrinsic and 

intrinsic death pathways and are regulated through transcriptional and post-translational 

means. Transcriptional regulation has been reported for the BH3-domain-only proteins 

BimEL, Dp5/Hrk, NOXA and PUMA. As indieated previously, Bim and Dp5/Hrk are 

transcriptionally upregulated in response to trophic factor withdrawal, while UV­

irradiation has been reported to mediate p53-dependent transcription of NOXA and 

PUMA (Harris and Johnson, 2001; Whitfield et al., 2001; Oda et al., 2000; Nakano and 

Vousden, 2001). Studies using chemical inhibitors have also demonstrated that 

transcriptional activation of Dp5/Hrk requires JNK activation (Harris and Johnson, 2001; 

Bozyczko-Coyne et al., 2001). What is interesting about transcriptional regulation of the 

bim gene is that it encodes three different transcripts, BimEL, BimL and Bims, yet the 

BimEL isoform is selectively upregulated in response to trophic factor deprivation, 

perhaps suggesting another point of regulation at the level of Bim mRNA. 

Interestingly, Bim is also regulated through post-translational modification. Under 

normal circumstances, BimL and BimEL are tethered to the microtubular dynein motor 
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complex via association with dyne in light chain Le8 (Puthalakath et al., 1999). A 

consensus sequence present in both BimL and BimEL, but absent in Bims mediates this 

association, thereby suppressing Bim's apoptotic activity. The absence of this motif in 

Bims renders this isoform highly apoptotic. Intriguingly this isoform has not been 

identified in cells, suggesting that it may only be produced in instances when a rapid, 

efficient death response is required (O'Reilly et al., 2000). Two independent studies have 

demonstrated JNK-mediated phosphorylation of Bim results in its release from the 

dynein motor complex, thereby permitting it to exert its pro-apoptotic effects. 

Specifically, trophic factor deprivation in sympathetic neurons results in JNK-mediated 

phosphorylation of BimEL at Serine 65 and subsequent death, while UV -irradiation leads 

to phosphorylation of BimL' release from the dynein motor complex and subsequent 

apoptosis (Putcha et al., 2003; Lei and Davis, 2003). The latter study also demonstrates 

JNK-mediated phosphorylation of the BH3-domain-only protein Bmf, mediating its 

release from the myosin V motor complex and induction of death (Lei and Davis, 2003). 

Other BH3-domain-only proteins subject to post-translational regulation inelude 

the prote in Bad. Pro-survival signaling cascades such as those mediated by Interleukin-3 

(lL-3) have been shown to mediate PI3-KlAkt-dependent and RSKI-dependent 

phosphorylation of Bad at residues Serine-136 and -112, respectively (Zha et al., 1996; 

deI Peso et al., 1997; Datta et al., 1997). These residues lie within a consensus motif that 

promotes Bad association with the adaptor protein 14-3-3, thereby suppressing Bad's 

apoptotic activity (Datta et al., 2000). Both Protein Kinase A (PKA) and RSKI-mediated 

phosphorylation of Bad at Serine 155 also have been shown to prevent Bad association 

with anti-apoptotic Bel-XL, thus facilitating survival (Tan et al., 2000; Zhou et al., 2000; 
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Hirai and Wang, 2001). This line of evidence is consistent with a model in which BH3-

domain-only proteins act to sequester anti-apoptotic molecules thereby, preventing them 

from inhibiting the pro-apoptotic, multi-domain proteins, Bax and Bak. 

Recent studies have emerged however, demonstrating an additional 

phosphorylation of Bad at Serine-128, which lies within the 14-3-3 consensus motif. 

Bonni and colleagues report Cdc2-mediated phosphorylation of Bad at Serine-128 in 

response to KCl deprivation in cerebellar granule neurons and JNK-mediated Bad 

phosphorylation in response to overexpression of the upstream MAPKKK, MEKKI 

(Konishi et al., 2002; Donovan et al., 2002). In both instances, the consequence of Bad 

phosphorylation at Ser128 was dissociation from 14-3-3 and subsequent death. 

Finally, it is evident from these studies that subcellular localization imposes a 

critical form of regulation on the BH3-domain-only proteins. Cells have adopted multiple 

mechanisms in which to render BH3 proteins inactive. Specifically, Bad is inhibited at 

within the cytosol in proximity to the mitochondria and ER through association with 

adaptor prote in 14-3-3; Bim and Bmf are tethered to the dyne in motor complex and 

myosin V motor complex, respectively, through conserved light chain motifs; Bik, which 

primarily localizes to the ER, is inhibited through association of anti-apoptotic Bcl-2 

proteins and Bid is also inhibited in the cytosol through association with Bcl-2 proteins. 

Notably, disinhibition mediated through cellular signaling facilitates release and 

translocation to mitochondrial and ER membranes, where the BH3-domain-only proteins 

can exert their pro-apoptotic functions. 
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Rationale and Statement of Hypothesis 

In light of the similarities observed between trophic factor deprivation paradigms 

and death induced through the p75NTR, we hypothesized that the link between activated 

JNK and mitochondrial cytochrome c release lie in the regulation of the BH3-domain­

only proteins. Through means of reverse transcriptase polymerase chain reaction (RT­

PCR), studies conducted in our lab indicated that p75NTR overexpression did not lead to 

transcriptional upregulation of the BH3-domain-only proteins Bim, Bmf, Dp5/Hrk, Bik/ 

PUMA and NOXA. However, the recent studies demonstrating JNK-dependent 

phosphorylation of Bad and Bim in both stress and trophic factor deprivation models, 

suggested that p75NTR may also mediate death through post-translational modification 

of these proteins. Thus, 1 hypothesized that p75NTR overexpression would induce Bad 

and Bim phosphorylation at Serine-128 and -65, respectively, and that these post­

translational modifications would be critical for execution of a p75NTR intrinsic death 

pathway. 
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Material and Methods 

Materials. Phospho-Serine 65 Bim antibody was obtained from Dr. Azad Bonni (Harvard 

Medical School, Boston, MA). To generate the phosph065-Bim antibody, a 

phosphopeptide of the sequence CLAPPApSPGPFATR (Tufts Synthesis Facility, Tufts 

Medical School, Boston, MA), was synthesized and coupled to keyhole limpit 

hemocyanin using the Imject Maleimide Activated mcKLH Kit (pierce). The antigen was 

injected into New Zealand White rabbits (Covance Research Products), from which 

serum was collected approximately every three weeks. Serum was affinity-purified by 

subsequently passing it on an Immunopure immobilized protein A column (pierce) and 

an agarose-iodoacetyl column (pierce), to which a synthetic peptide of the sequence 

CLAPPASPGPF ATR (Tufts Synthesis Facility) was coupled. The final eluate was 

desalted and concentrated using Amicon Ultra centrifugaI filter devices (Millipore). 

Phospho-Serine 128 Bad antibody, also obtained from Dr. Azad Bonni (Harvard 

Medical School, Boston, MA) was prepared as described above, directed against 

phosphopeptide C-EGMEEELpSPFRGRS conjugated to keyhole limpit cyanin. 

The p75NTR antibody aPI was directed against the p75NTR intracellular domain 

(Roux et al., 1999). Phospho_ThrI83/TyrI85 JNK (catalog #9255), eleaved caspase-3 

(AspI75, catalog #9661), phospho-Ser63 c-Jun (catalog #9261), c-jun (catalog #9162), 

phospho-Thr69nI ATF-2 (catalog #9225) and ATF-2 (catalog #9226) -specific antibodies 

were obtained from Cell Signaling Technology (Beverly, MA). JNK-l antibody (C-17, 

catalog #sc-474), IKBa (catalog #sc-371), Bel-XL (catalog #sc-634) and Bad C-20 

(catalog #sc-943) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Bel-

2 antibody was purchased form BD Transduction Laboratories (catalog #B46620-050). p-
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Galactosidase (LacZ) antibody was purchased from Promega (Madison, WI) (catalog 

#23781). Actin antibody was obtained from ICN Biochemicals (Costa Mesa, CA) (Cat. 

#69100). Bim antibody was purchased from Calbiochem (La Jolla, CA) (catalog #20200). 

Horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson 

ImmunoResearch (West Grove, PA). Immunoreactive bands were detected using 

enhanced chemiluminescence purchased from PerkinElmer Life Sciences (Emeryville, 

CA). Paclitaxel was purchased from Calbiochem (LaJolla, CA) (catalog #580556). 

Plasmids and recombinant adenovirus. Preparation of recombinant adenovirus 

expressing p-galactosidase (AdLacZ), full-iength p75NTR (Adp75NTR), the Flag-tagged 

JNK-binding domain of JNK interacting protein (1IP1) (AdJBD) have been previously 

described (Roux et al., 2002). AIl adenoviruses were amplified in 293A cells and purified 

on sucrose gradients, as previously described (Roux et al., 2002). Viruses were titered by 

optical density and using the tissue culture infection dose 50 (TC ID) assay in 293A cells. 

Titers are expressed in terms ofplaque-forming units. 

AIl Bad and Bim dominant negative and RNA interference constructs were 

obtained from Dr. Azad Bonni (Harvard Medical School, Boston, MA). The Bad 

dominant-negative plasmid consisting of green fluorescent prote in (GFP) fused to a bad 

nonapeptide, in which Ser128 was substituted by Ala and the parental GFP vector have 

both been previously described (Konishi et al, 2002). The Bad RNAi construct was 

generated by targeting the sequence GGGAGCA TCGTTCAGCAGCAGC in rat BAD, as 

previously described (Gaudilliere et al., 2002). Full-iength BimEL cDNA was c10ned by 

RT-PCR from RNA isolated from rat cerebellar granule neurons. BimEL cDNA was then 

subcloned into the polylinker of the bacterial GST gene fusion vector pGEX-4T-3 
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(Amersham Pharmacia Biotech) and into the polylinker of the mammalian expression 

vector pcDNA3 (Invitrogen) with an NH2-terminal HA-tag. Point mutations to Ser-65 

were made using the QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, 

CA). The U6/BS-Bim and Cdk2 RNA interference vectors were designed as described 

(Gaudilliere et al., 2002). The sense strand of the encoded hairpin RNA was designed to 

specifically target the 20-nucleotide region GGT A TTTCTCTTTTGACACAG in rat Bim 

RNA. The targeted region in Bim RNA showed no significant homology with any other 

gene by BLAST. 

Cell culture, transient transfection and infection. Human glioma (U343 and U373) cell 

Hnes were provided by Dr. Roland Del Maestro (McGill University, Montreal, Quebec, 

Canada) and maintained in 5% C02 at 37°C in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBC) (Hyclone), 2mM L­

glutamine and 100J-lg/ml penicillin-streptomycin. The rat pheochromocytoma cell line 

(PCI2) was maintained in 10% CO2 at 37°C in DMEM supplemented with 6% horse 

serum, 6% bovine calf serum (BCS), 2mM L-glutamine, and 100J-lg/ml penicillin­

streptomycin, and the PC 12rtT A cell Hne, which was purchased from Clontech, was 

maintained in 10% CO2 at 37°C in DMEM supplemented with 6% horse serum, 6% 

bovine calf serum (BCS), 2mM L-glutamine,100J-lg/ml penicillin-streptomycin and 

100J-lg/ml G418. Cells were plated 18-24 hours prior to transfection or treatment and 

were harvested or fixed according to treatment. PC12 and PC12rtTA cell lines were 

plated onto poly-L-Iysine coated plates and transfected using Lipofectamine2000 as 

directed by the manufacturer (Invitrogen). For Bad oligomer studies, human glioma and 

PC12rtTA cell lines were infected and/or treated with Paclitaxel 24 hours post-plating. 
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Glioma cells were plated in 6-well dishes at a density of 200,000 cells/well while 

PC12rtTA cells were plated at a density of 900,000 cells/well. For Bad and Bim loss-of­

function studies, PC12 and PC 12rtTA celllines were infected 48 hours post-transfection. 

Western Analysis. Cells were lysed in radioimmunoprecipitation assay buffer (1 OmM 

Tris, pH 8.0, 150mM NaCI, 1 % Nonidet P-40, 0.5% deoxycholate, 0.1 % SDS, IIlg/ml 

aprotinin, IIlg/ml leupeptin, IIlg/ml pepstatin, ImM sodium orthovanadate, and ImM 

phenylmethylsulfonyl fluoride) and analyzed for protein content using the BCA assay 

(pierce, Rockford, IL). Samples were normalized for prote in content, suspended in 

Laemmli sample buffer, separated by SDS-polyacrylamide gel electrophoresis, and 

electroblotted onto nitrocellulose. Blocking and secondary antibody incubations of 

immunoblots were performed in Tris-buffered saline-Tween (lOmM Tris, pH 8.0, 

150mM NaCI, and 0.2% Tween-20) supplemented with 5% (w/v) dried skim milk 

powder or 5% (w/v) bovine serum album in (BSA) (Pierce). AlI primary antibody 

incubations were performed in blocking solution, Tris-buffered saline-Tween 

supplemented with 5% (w/v) dried skim milk powder or Tris-buffered saline-Tween 

supplemented with 5% (w/v) BSA for phospho-specific antibodies, with the exception of 

phospho-Ser65Bim, which was prepared in TBS containing 0.025% Tween-20 

supplemented with 5% (w/v) dried skim milk powder. Immunoreactive bands were 

detected by chemiluminescence (perkin-Elmer Life Sciences), according to the 

manufacturer' s instructions. 

Cleaved Caspase-3Activation Assay. PC12 or PC12rtTA cells were plated onto poly-L­

lysine coated 6-well dishes at a density of 500,000 or 900,000 cells/well, respectively. 24 

hours post-plating, cells were transfected using Lipofectamine2000 (Invitrogen), 
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according to the manufaeturer's protoeol, alone with GFP or GFP-BadDN, or eo­

transfeeted with GFP and either U6-Blue Script, Bad RNAi, Bim RNAi, Cdk2 RNAi, 

peDNA3, Bim WT, or Bim S65A dominant negative in a 1:7 ratio. 48 hours post­

transfeetion, cells were either left uninfeeted or infected with either LacZ or p75NTR 

adenovirus at 100 MOI. 24 hours post-infection, eells were fixed in 4% 

paraformaldehyde in PBS. Cells were bloeked in TBS supplemented with 5% donkey 

serum and 0.3% Triton X-lOO for 30 minutes at room temperature after which they were 

ineubated with antibodies directed against cleaved caspase-3 in TBS supplemented with 

2% donkey serum and 0.3% Triton X-lOO, for 18 hours at 4°C. Seeondary antibodies 

(donkey anti-rabbit conjugated Cy3) and Hoescht 33248 were applied for 2hr at 4°C. 

GFP-positive cells were scored for the presence of activated caspase 3 by a blinded 

observer, with 150-300 cells counted per condition. Experiments with BadDN and Bad 

RNAi were repeated three times, while experiments with Bim S65A and Bim RNAi were 

repeated twice. Composite data were analyzed for statistical signifieanee by ANOV A 

(Tukey's honestly significant difference (HSD) multiple comparison). 

Survival Assay. Analysis of cell survival was performed by MTT assay using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), which was added at a 

final concentration of 1 mg/ml for the last 4 h of a 28 hour treatment. The reaetion was 

ended by the addition of 1 volume of solubilization buffer (20% SOS, 10% 

dimethylformamide, and 20% acetic acid). After ovemight solubilization, specifie and 

nonspecific absorbances were read at 570 and 690 nm, respectively. In each experiment, 

eaeh data point was performed in triplieate or quadruplicate and eaeh experiment was 

carried out twice. 
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Death Assay. Analysis of cell death was performed by the LOH assay usmg the 

cytotoxicity detection kit (Roche, catalogue no. 1644793) according to the manufacturer's 

instructions. Twenty-four hours after treatment, cell cultures were centrifuged at 500 x g, 

and the supematant was added to an equal volume of LOR reaction mixture supplied by 

the manufacturer (Roche). After 15-30 min of incubation, specifie and nonspecific 

absorbances were read at 490 (A490 nm) and 690 (A69o nm), respectively. Values reported 

were calculated using the following formula: (A490 nm - A690 nm). Each data point was 

performed in triplicate or quadruplicate and each experiment was carried out 

independently twice. 
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Results 

Despite a recent surge in the identification of novel p75NTR ligands and co­

receptors, the events leading to p75NTR activation and initiation of an apoptotic cascade 

in vivo remain complex. Previous studies from our laboratory have shown that 

overexpression of recombinant adenovirus encoding full-Iength p75NTR reliably induces 

apoptosis in the absence of added ligand in multiple cell lines and in primary neurons 

(Roux et al., 2001; Bhakar et a/., 2003). Thus, we employed this approach for the 

purpose of determining the mechanism by which JNK communicates with the 

mitochondria to mediate cytochrome c release. 

p75NTR does not Transcriptionally Upregulate BH3-Domain-Only Proteins 

BH3-domain-only proteins are classically termed "mitochondrial gate-keepers," 

referring to their ability to transduce proximal death cues into alterations of mitochondrial 

permeability, facilitating cytochrome c release. They are regulated through both 

transcriptional and post-translational means, leading to either their activation or 

sequestration. Evidence of transcriptional regulation cornes from trophic factor 

deprivation (TFD) studies in sympathetic and cerebellar granule neurons, which have 

both reported transcriptional upregulation of the BH3-domain-only proteins Dp5/Hrk and 

Bim (Harris and Johnson, 2001; Whitfield et al., 2001). In light of the similarities 

between the apoptotic cascades initiated in response to either TFD or p75NTR 

expression, previous studies from our lab assessed the effects of p75NTR overexpression 

on mRNA levels of BH3-domain-only proteins Bim, Bmf, Hrk, Bik, Puma, and Noxa. 

Briefly, cortical neurons remained untreated or were infected with adenovirus expressing 
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either control ~-galactosidase (LacZ) or p75NTR, after which mRNA levels were 

assessed by RT-PCR (Figure 7, Appendix - Bhakar). Although mRNA corresponding to 

each of the members was evident in mock, LacZ-infected and p75NTR-infected cells, 

p75NTR-dependent increases were not observed. Thus, p75NTR does not 

transcriptionally upregulate the BH3-domain-only proteins in order to execute an intrinsic 

death pathway. 

Bad is a Critical Mediator of p75NTR-Induced Apoptosis 

BH3-domain-only proteins are also subject to post-translational modifications. 

Specifically, the BH3-domain-only protein Bad is phosphorylated at SerI12 and -136 

through pro-survival cascades such as PI3-KlAkt and MAPK (Zha et al., 1996; Datta et 

al., 1997). These events serve to tether Bad to the adaptor protein 14-3-3, thereby 

preventing Bad from exerting its pro-apoptotic actions. However, recent reports have 

identified a novel site at SerI28 that is phosphorylated in response stress or TFD, leading 

to 14-3-3 dissociation and cell death (Donovan et al., 2002; Konishi et al., 2002). In light 

of these reports, we assessed Bad Ser128 phosphostatus following p75NTR infection. 

U373 and PC12 cells remained untreated or were infected with adenovirus encoding 

either LacZ or p75NTR (Figure 8 A and B, respectively, Appendix - Bhakar). Subsequent 

immunoblot analysis revealed that while cells expressing p75NTR adenovirus showed 

phospho-SerI28 Bad immunoreactivity, mock cells or cells expressing control LacZ 

adenovirus did not. Notably, in addition to monomeric Bad (-25kDa), an additional 

immunoreactive band was evident at -75kDa. This band was detected with total Bad 

antibodies directed against N- and C-terminals (Bad N19 and C20, respectively), 

41 



suggesting that the band reflects a stable, oligomeric complex comprising phospho­

Ser128 Bad molecules. 

In order to determine if the formation of oligomeric Bad was JNK -dependent, we 

co-infected PC12 cells with p75NTR adenovirus in the absence or presence of AdJBD, 

adenovirus which when overexpressed acts as a dominant negative JNK suppressor 

through expression of the JNK binding domain of the scaffold protein Jip-l. Figure 8 C 

shows a p75NTR-dependent oligomerization of Bad, which is abrogated upon co­

infection with AdJBD, indicating that Bad oligomerization is JNK-dependent (Appendix 

-Bhakar). 

We next assessed the physiological significance of p75NTR-mediated Bad 

phosphorylation at Ser128 using an immunocytochemical approach that assayed Cleaved 

Caspase-3 immunoreactivity. Briefly, PC12 cells were transfected with either GFP alone 

or a GFP-conjugated dominant-negative Bad serine 128 mutant allele cDNA (ON-Bad) 

(Konishi et al., 2002), after which they were infected with control or p75NTR 

adenovirus. Cells were subsequently immunostained and scored for cleaved Caspase-3 

immunoreactivity (Figure 9, Appendix - Bhakar). Control and LacZ-infected cells 

exhibited a basal level of caspase-3 immunoreactivity of -10%, while p75NTR 

overexpression lead to a four-fold increase in cleaved caspase-3 immunoreactive cells. 

This increase however, was prevented in cells expressing the dominant negative Bad 

S 128A peptide. Thus, expression of the Bad S 128A peptide conferred protection against 

p75NTR-mediated apoptosis, suggesting that p75NTR-mediated phosphorylation of Bad 

at Ser128 is critical for death. To confirm that p75NTR-mediated cell death requires Bad, 

endogenous levels of Bad were reduced through RNA interference prior to infection. In 
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order to validate the efficacy of a RNA interference construct targeted against Bad, PC 12 

cells were initially transfected with either control vector alone (U6-BS) or Bad RNAi and 

subjected to western analysis (Supplementary Figure 1, Appendix). Immunoblot analysis 

revealed a dose-dependent reduction in endogenous Bad levels in lanes expressing Bad 

RNAi (lanes 4-6), but not control vector (lanes 1-3). Following validation, cells were co­

transfected with GFP and Bad RNAi and then infected with either control or p75NTR 

adenovirus. Figure 9 shows that p75NTR-induced apoptosis is inhibited through 

reduction of endogenous Bad levels, as evident from reduced cleaved Caspase-3 

immunoreactivity, indicating that Bad is required for p75NTR-mediated apoptosis. 

Finally, in order to confirm that cleaved Caspase-3 immunoreactivity serves as an 

accurate surrogate for apoptosing cells, we treated PC 12 cells with staurosporine 

(IOJlglml), a kinase inhibitor well documented to induce apoptosis (Kabir et al., 2002), or 

infected them with p75NTR at 100 MOI for 24 hours, after which they were fixed and 

immunostained for cleaved Caspase-3 and TUNEL (Supplementary Figure 2, Appendix). 

Cells were subsequently scored for coincidence of cleaved Caspase-3 and TUNEL 

immunoreactivity. Supplementary Figure 2 shows that cells treated with staurosporine 

exhibited -70% coincidence between cleaved Caspase-3 and TUNEL immunoreactive 

cells, demonstrating that cleaved Caspase-3 immunoreactivity serves as a valid surrogate 

for apoptosing cells. Similarly, cells infected with p7NTR exhibited -75% coincidence 

between cleaved Caspase-3 and TUNEL immunoreactivity. 
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Paclitaxel: A Chemotherapeutic Drug that Induces Bad Oligomerization 

Paclitaxel (Taxol) has achieved enormous success as a chemotherapeutic agent 

used for the treatment of ovarian, breast, head, neck and lung carcinomas (Zong et al., 

2004). Taxol binds reversibly to tubutin along the surface of microtubules were it 

increases the rate at which tubulin monomers polymerize, stabilizing the microtubule 

cytoskeleton against depolymerization, resulting in cell cyele arrest at the G2/M 

transition, and subsequent cell death (Amal and Wade, 1995; Ling et al., 1998; Torres 

and Horwitz, 1998). Despite its success, drug resistance to Taxol has been observed (Yu 

et al., 1998; Kavallaris et al., 1999). Multiple tines of evidence suggest that susceptibility 

versus resistance to Taxol treatment reflects, at least in part, differences in levels of Bel-2 

family members (Gazitt et al., 1998; Siegel et al., 1998; Liu et al., 1998). Studies have 

shown that Taxol resistance is rendered through upregulated levels of Bel-2 and Bel-XL. 

Furthermore key regulatory sites have been identified in the loop region of Bel-2, (Ser70 

and Ser87) that are phosphorylated in response to Taxol treatment (Basu et al., 1997; 

Haldar et al., 1998). Although the functional significance of these events have not 

completely been elucidated, it is hypothesized that phosphorylation inactivates the anti­

apoptotic activity of Bel-2, therefore facilitating Taxol-induced apoptosis (Haldar et al., 

1995; Srivastava et al., 1999). Consistent with this, deletion of the loop harboring Ser70 

and Ser87 residues enhances Bel-2's anti-apoptotic activity (Srivastava et al., 1999). 

Finally, a number of studies indicate that Taxol-induced Bel-2 phosphorylation and 

inactivation proceed via a Ras-JNK signaling pathway (Lee et al., 1998; Wang et al., 

1998; Yamamoto et al., 1999). 
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ln addition to negative regulation of anti-apoptotic BcI-2 members, Taxoi aiso 

induces death through the transcriptionai regulation of BH3-domain-only proteins such as 

Bim (Sunters et al., 2003). Studies in nine different breast cancer Iines reveaied an 

upregulation of Bim, both at the Ievel of the mRNA and protein. Furthermore, siRNA 

specifie for Bim reduced Taxoi-induced death in these lines. Interestingly, Taxoi has aiso 

been reported to induce phosphorylation of Bad at Ser112 and Ser136 through activation 

of PI3-KlAkt and MAPK cascades (Mabuchi et al., 2002). Surprisingly, inhibition of 

these signaling pathways sensitized cells to Taxol-induced apoptosis suggesting that 

initial Taxol-mediated Bad phosphorylation may represent the cell's attempt to prevent 

onset of an apoptotic cascade by inducing sequestration of Bad molecules via 

phosphorylation within the 14-3-3 consensus motif (Mabuchi et al., 2002). Of particular 

interest to our investigations however, was a report of Taxol-induced Bad 

oligomerization (Bonni, personal communication). The observation that both p75NTR­

and Taxol-mediated death paradigms induce JNK activation and Bad oligomerization, 

prompted us to employ Taxol as a surrogate to examine properties of the Bad oligomer. 

ln order to do so, we utilized U343 and U373 hum an glioma celllines, since both lines 

are susceptible to p75NTR-mediated apoptosis, although U343s to a lesser extent than 

U373s, and because p75NTR overexpression induced Bad oligomerization in U373s 

(Bhakar et al., 2003). 

Initial studies involved treatment of U343s and U373s with Taxol for 24 hours at 

varying doses in order to assess dose-dependent effects. Cells were subsequently lysed 

and analyzed by immunoblot. Figure 1 A shows Taxol-induced JNK activation at doses of 

O.lJ.lM and lOJ.lM and this correlated with Bel-2 and Bel-XL phosphorylation, consistent 
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with other reports of Taxol-induced post-translational modification of these proteins. 

lntriguingly, multiple phospho-Serl28 Bad immunoreactive bands became evident that 

were not present in mock cens or cens treated with low doses of Taxol (O.OOIJlM). These 

included bands corresponding to molecular weights of monomeric Bad (-25kDa), and 

oligomeric species of approximately 150kDa. Furthermore, electromobility shifts were 

observed in pre-existing protein complexes of 50kDa and approximately 100kDa. 

Curiously however, many of the observed Taxol-induced phospho-Serl28 Bad 

immunoreactive bands were not evident in immunoblots probed with total Bad antibody 

(BadC20). Rather, electromobility shifts were evident only for species migrating at 

25kDa, consistent with phosphorylation of monomeric Bad, and bands migrating at 

70kDa. The latter molecular weight species was of particular interest since our 

investigations involving p75NTR overexpression induced formation of oligomeric 

complexes of -75kDa in U373 cens. However, the fact that this species was present in 

untreated cens and was not detectable by phospho-Serl28 Bad antibodies raised the 

possibility that the Taxol-induced higher molecular weight complexes may not be the 

same as those induced through p75NTR overexpression. 

Interestingly, U343 celIs were highly resistant to Taxol-induced apoptosis. 

Lysates showed no cleaved caspase-3 immunoreactivity (data not shown) and analysis by 

LDH and MTT revealed no alterations in death or survival, respectively, in response to 

Taxol treatment, as compared to hum an embryonic kidney (HEK) 293T cells (Figure 1 

B). In contrast, U373s were susceptible to Taxol-induced death as evident by robust 

cleaved caspase-3 immunoreactivity (Figure 2). Despite the observed susceptibility, 

Taxol induced similar responses in U373 cells as it did in U343s, notably JNK activation 
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and activation of its downstream target c-Jun, as well as Bel-XL phosphorylation. 

Furthermore, phospho-Ser128 Bad immunoreactivity was evident at 50kDa, 100kDa and 

150kDa, while total Bad immunoreactivity was evident only for species of 25kDa and 

-70kDa. Despite Taxol's similar mode of action in both U343 and U373 cells, the 

observation again that Bad oligomers of -70kDa were evident in mock conditions and 

were not detected by phospho-Ser128 Bad antibodies suggested that these higher 

molecular species weight may not be the same as those induced through p75NTR 

overexpression. 

As a means to ascertain whether the oligomers induced through Taxol treatment 

were the same as those induced through p75NTR overexpression, we examined whether 

Taxoi treatment in the presence of p75NTR could potentiate Bad oligomer formation. To 

do so, U343 cells remained untreated or were treated with Taxoi alone or in the presence 

of control or p75NTR adenovirus. Cells were aiso treated independently with LacZ or 

p75NTR to assess virai-specific effects. lmmunoblot analysis revealed that Taxoi induced 

JNK activation, as weIl as both Bel-XL and Bcl-2 phosphorylation (Figure 3). A TaxoI­

induced phospho-Ser128 Bad immunoreactive band was evident at 150kDa that was not 

present in control Ianes, and electromobility shifts at 25 and 100kDa were evident, as 

se en previously. Total Bad immunoblots showed electromobility shifts in monomeric 

Bad and a 70kDa species, aiso consistent with initial studies. However, Taxoi treatment 

in conjunction with p75NTR infection did not potentiate formation of the 150kDa 

phospho-Ser128 Bad immunoreactive species, nor did it potentiate the electromobility 

shift of the 70kDa species observed in BadC20 immunoblots. Furthermore, although 

phosphorylated monomeric Bad was evident in U343s treated with p75NTR adenovirus 
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alone, p75NTR overexpression did not induce oligomer formation at any molecular 

weight as assessed by both phospho-Ser128 Bad or BadC20 immunoblot analysis. This 

result was somewhat surprising in light of previous work that demonstrated p75NTR­

dependent Bad oligomerization in U373 ceUs. However, absence of this phenomenon in 

U343 ceUs highlights key differences in responsiveness to apoptogenic factors between 

these two ceU lines. Thus, from these data, we concluded that the oligomers formed 

through Taxol treatment and p75NTR overexpression are distinct and consequently, 

Taxol cannot serve as a surrogate to analyze p75NTR-dependent Bad oligomerization in 

future studies. We consequently returned our efforts to examination of other BH3-

domain-only proteins and their involvement in p75NTR-mediated apoptosis. 

p75NTR-Mediated Apoptosis Requires JNK-dependent Phosphorylation of BimEL 

The BH3-domain-only prote in Bim is regulated through both transcriptional and 

post-translational mechanisms. Despite reports of transcriptional upregulation of Bim in 

TFD paradigms, our investigations indicated that p75NTR does not transcriptionaUy 

upregulate BH3-domain-only proteins in order to elicit a death response, raising the 

possibility that p75NTR may regulate Bim through post-translational means. Normally, 

the pro-apoptotic actions of Bim are suppressed through its association with the dynein 

motor complex. Recently however, two independent studies have demonstrated JNK­

mediated phosphorylation of Bim that results in its release from the dynein motor 

complex and subsequent death. Trophic factor deprivation in sympathetic neurons has 

been reported to induce JNK-dependent phosphorylation of BimEL at Ser65, while UV­

irradiation in transfected HEK 293T ceUs has been reported to induce JNK-dependent 
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phosphorylation of BimL (putcha et al., 2003; Lei and Davis, 2003). In an effort to 

determine if Bim is regulated in a p75NTR-dependent manner, we assessed if p75NTR 

overexpression correlated with phosphorylation of BimEL at Ser65 and if this event was 

JNK-dependent. As Figure 4 A shows, PC12 cells infected with control virus showed 

little immunoreactivity to phospho-Ser65 Bim antibodies (lanes 1-2). In contrast, cells 

co-infected with p75NTR and LacZ control virus exhibited robust BimEL Ser65 

phosphorylation (lane 3). This effect was abrogated through co-infection of AdJBD 

indicating that p75NTR mediates JNK-dependent phosphorylation of BimEL at Ser65. 

Confirmation of p75NTR-dependent Bim phosphorylation was also obtained from total 

Bim immunoblots, in which cells co-infected with p75NTR and control virus (lane 3) 

exhibited reduced electrophoretic mobility as compared to cells co-infected with p75NTR 

and AdJBD (lane 4) (also Figure 5 A, Appendix - Becker). 

In order to address the physiological significance of p75NTR-mediated Bim 

phosphorylation, we assessed c1eaved Caspase-3 immunoreactivity in the single cell 

assay used previously to assess the requirement of Bad in p75NTR cell death. Two 

approaches were employed, use of a dominant negative Bim harboring a Ser65 to Ala 

mutation as well as Bim RNA interference. The constructs were validated initially using 

biochemical me ans to demonstrate efficacy and specificity oftheir actions. 

In order to validate the Bim RNAi cDNA, PC12 cells were mock transfected or 

transfected with a dose of U6-BS control vector, Bim RNAi, or an unrelated Cdk2 RNAi 

to demonstrate that observed reductions in Bim levels did not reflect the expression of 

any RNAi construct. Figure 4 B shows c1early that endogenous Bim levels were not 

affected by expression of either U6-BS control vector or Cdk2 RNAi, rather increasing 
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quantities of Bim RNAi vector correlated with a dose-dependent reduction in Bim levels 

(also Figure 5 B, Appendix - Becker). Furthermore, immunoblots of IKBa., Erk1l2 and 

Actin confirmed equal protein loading and demonstrated that Bim RNAi does not non­

specificaUy reduce levels of other proteins. 

Both Bim RNAi and Bim S65A dominant negative constructs were subsequently 

validated in a biochemical experiment in which PC 12rtT A ceUs were transfected with 

GFP alone or co-transfected with GFP and either U6-BS control vector, Bim RNAi, Cdk2 

RNAi, pcDNA3 control vector, Bim WT or Bim S65A, after which ceUs were infected 

with LacZ control or p75NTR adenovirus. CeUs were subsequently lyse d, prote in assayed 

and subjected to western analysis to assess p75NTR-mediated phosphorylation of BimEL, 

and ATF-2. Through this experiment we wanted to confirm that Bim S65A did not affect 

downstream activation of other identified p75NTR targets such as ATF-2, thus 

demonstrating specificity of its action. Figure 5 A shows a p75NTR-dependent 

phosphorylation of both endogenous Bim and Bim WT that is not evident in Bim S65A­

transfected lanes (lanes 8-13). Bim WT phosphorylation was also evident in LacZ­

infected lanes suggesting that overexpression alone may lead to stress-induced 

phosphorylation. Immunoblotting with total Bim revealed electromobility shifts 

indicative of phosphorylation in p75NTR-infected lanes that were not evident in control 

virus-infected lanes. Importantly, P-ATF-2 immunoreactivity was evident in aU p75NTR­

expressing lanes and was not affected by expression of Bim S65A, indicating that 

expression of dominant negative Bim S65A does not affect activation of other p75NTR 

targets (lane 10). Furthermore, expression of Bim RNAi did not affect P-ATF-2 

immunoreactivity, nor did it affect totallevels ofp75NTR (lanes 6, 12). 
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Subsequent immunocytochemical analysis revealed that expression of Bim RNAi 

and Bim S65A conferred significant protection against p75NTR-dependent Caspase-3 

activation, although to a lesser extent than DN-Bad- or Bad RNAi-expressing cells 

(Figure 5 B; also Figure 5 C, Appendix - Becker). Expression of Bim RNAi and Bim 

S65A constructs reduced cleaved caspase-3 immunoreactivity by approximately 50% 

indicating that although Bim contributes to p75NTR-mediated cell death, it may not 

represent JNK' s primary target. 
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Chapter 3 

Discussion and Closing Remarks 
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Discussion 

Previous work in our lab has shown that contrary to other members of the TNFR 

superfamily, p75NTR induces an intrinsic death pathway that requires JNK activation, 

mitochondrial cytochrome c release and subsequent activation of Caspase-9, -3 and -6 

(Bhakar et al., 2003). However, the mechanism by which JNK communicates with the 

mitochondria to mediate cytochrome c release remained elusive. Here we show that 

p75NTR-dependent cell death is not accompanied by transcriptional upregulation of the 

BH3-domain-only proteins. Rather, p75NTR overexpression induces JNK-dependent 

phosphorylation of Bad and BimEL, both ofwhich are critieal for execution ofa p75NTR­

dependent death pathway. 

p75NTR Induces Transcription-Independent Death via Bad and BimEL 

It is now weIl established that JNK can facilitate apoptosis through both 

transcriptional-dependent and -independent means. JNK has long been known to activate 

AP-1 transcription factors such as c-Jun, which have in turn been shown to 

transcriptionally upregulate BH3-domain only proteins such as Bim and Dp5/Hrk (Harris 

and Johnson, 2001; Whitfield et al., 2001). Previous work in our lab assessed mRNA 

levels of Bim, Bmf, Hrk, Bik, Puma, and Noxa in primary neurons following infection 

either with control or p75NTR adenovirus. Our examinations showed that although 

mRNAs of aIl BH3-only proteins examined were present in untreated, LacZ-infected and 

p75NTR-infected neurons, p75NTR-dependent increases were not observe d, indicating 

that p75NTR does not transcriptionally upregulate BH3-domain-only proteins. 
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Alternatively, studies have demonstrated that JNK can induce death through 

direct activation of the cell death machinery. Specifically, reports have revealed JNK­

mediated phosphorylation of BH3-domain-only proteins Bad, Bim and Bmf following 

cell stress (Donovan et al., 2002; Putcha et al., 2003; Lei and Davis, 2003). Consistent 

with these reports, we reveal that p75NTR induces the phosphorylation of Bad at Ser128 

and interestingly, the formation of a JNK-dependent higher molecular weight Bad 

species. Furthermore, we show that p75NTR induces phosphorylation of Bim at Ser65, 

also in a JNK -dependent manner. 

Serine 128 lies within a consensus motif that serves to tether Bad to the adaptor 

protein, 14-3-3, thereby suppressing Bad's pro-apoptotic actions. Trophic factor signaling 

through kinases such as Akt promote Bad-14-3-3 association; however, upon exposure to 

cellular stress, this association is disrupted through JNK-mediated phosphorylation of 

Ser128, leading to death (Donovan et al., 2002). Similarly, Serine 65 lies within a dynein 

light chain consensus motif that serves to tether Bim to microtubules, thereby preventing 

Bim from exerting its pro-apoptotic effects. Stress-induced JNK-mediated 

phosphorylation of Ser65 has also been reported to facilitate Bim release and subsequent 

cell death (Lei and Davis, 2003). The observation that p75NTR induces phosphorylation 

of Bad and BimEL at Ser128 and Ser65, respectively, therefore suggests that p75NTR 

antagonizes trophic factor-dependent mechanisms that suppress the cell death machinery. 

Collectively, these actions would facilitate execution of an intrinsic death pathway. 

Through loss of function studies we confirmed this rationale by demonstrating 

that both Bad and BimEL are critical mediators of p75NTR-dependent cell death. Our 

studies assessing the role of Bad in p75NTR-mediated apoptosis reveal that expression of 
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either Bad RNAi or dominant negative Bad confers significant protection from p75NTR­

induced death. In fact, cleaved Caspase-3 immunoreactivity is reduced to controllevels in 

cells expressing these constructs indicating that Bad is a critical mediator of p75NTR­

dependent apoptosis. Furthermore, we reveal that expression of either Bim RNAi or 

dominant negative BimEL S65A also confers significant protection against p75NTR­

induced cell death, however, to a lesser degree than Bad RNAi or dominant negative Bad 

constructs. In contrast to Bad loss of function studies in which we demonstrate complete 

protection from p75NTR-induced death, expression of Bim RNAi or dominant negative 

BimEL S65A reduces cleaved Caspase-3 immunoreactivity by only 50%. 

The apparent difference in level of contribution to the p75NTR apoptotic pathway 

between Bad and Bim can be rationalized in a number of ways. First, one could argue 

that the loss of function constructs employed to assess Bim's role in p75NTR apoptotic 

paradigms were not specific or efficacious. However we believe this is not the case since 

prior to use, aIl of the indicated constructs were validated biochemically to ensure 

efficacy and specificity of their actions. We recognize that effects displayed through 

western analysis may not appear to mimic immunocytochemical data; however, this 

discordance reflects critical differences between the approaches. Transfection efficiency 

of the PC12 and PC12rtTA cell lines is notably poor and therefore, western analysis 

effects will be dampened through the pooling of both non-transfected and transfected 

cells. This is in contrast to immunocytochemical data, which reflects only transfected 

ceUs. Consequently, the fact that western analysis revealed reductions in endogenous Bim 

through expression of Bim RNAi, and absence of phosphorylation of exogenous BimEL 

S65A in response to p75NTR infection while phosphorylation of another p75NTR target 
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A TF-2 was evident, we conelude that our constructs are both efficacious and specific. 

Thus, the observed differences in the level of contribution between Bad and BimEL 

accurately reflect what is occurring in our p75NTR apoptotic paradigm. 

Going forth, the data supports two possible models. The simplest model is one in 

which Bad represents JNK's primary target, while BimEL serves as a secondary target. In 

this model, Bad would function as the primary death effector inhibiting anti-apoptotic 

Bel-2 members at the level of the mitochondria thereby facilitating Bax-Bak 

oligomerization and subsequent cytochrome c release. As a secondary death effector, 

BimEL activation would only occur in response to chronic p75NTR signaling or signaling 

associated with severe trauma, when the actions of Bad are insufficient to promote 

mitochondrial cytochrome c release. Thus, in this model, BimEL would serve to 

compliment the actions of Bad, but only in extreme circumstances when Bad activity is 

inadequate. Alternatively, one could rationalize a model in which Bad and BimEL 

cooperate to compromise mitochondrial integrity; however, the activities of BimEL are 

dependent on the actions of Bad. In this model, both Bad and BimEL represent primary 

JNK targets. Thus, following p75NTR-mediated JNK activation, Bad and BimEL would 

be released from 14-3-3 and the dynein motor complex, respectively, in a JNK-dependent 

manner. Upon release however, anti-apoptotic Bel-2 or Bel-XL sequester BimEL in a final 

attempt to rescue the cell from Bim's pro-apoptotic actions. Only upon Bad association 

with Bel-2 or Bel-XL and a subsequent conformational change in these proteins is BimEL 

released, allowing BimEL to directly activate Bax and Bak at the level of the 

mitochondria, facilitating cytochrome c release and death. 
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We support the latter model proposing cooperative action between Bad and 

BimEL, based upon two complementary lines of evidence. The first line of evidence is in 

regards to studies showing that Bcl-2 and Bel-XL sequester BH3-domain-only proteins 

such as tBid and Bim, thereby preventing activation of Bax and Bak (Cheng et al., 2001). 

Anti-apoptotic Bel-2 proteins were long thought to exert their effects solely through the 

sequestration of multi-domain, pro-apoptotic Bax and Bak. Consequently, these studies 

are important because they reveal a novel mechanism by which anti-apoptotic Bel-2 

members function and yet another mode of negative regulation affecting the pro­

apoptotic BH3-domain-only proteins. Notably, these studies demonstrated that Bel-XL 

could also sequester Bad. The second line of evidence involves studies in which Stanley 

Korsmeyer and colleagues analyzed the individual BH3 peptides within aIl members of 

the BH3-domain-only class of proteins. From these investigations, Korsmeyer elassed the 

BH3-only proteins into two distinct subelasses: a Bid-like subset, typified by tBid and 

Bim that directly activate pro-apoptotic Bax and Bak, as weIl as a Bad-like subset, which 

occupy the pockets of Bel-2 members, thus sensitizing the cell to the actions of other 

activating BH3-only proteins (Letai et al., 2002). These studies demonstrated that the 

BH3 peptide derived from Bim was capable of inducing oligomerization of Bax and Bak 

and subsequent cytochrome c release in a manner analogous to tBid. In contrast, BH3 

peptides derived from Bad were unable to activate Bax and Bak, but rather bound to Bel-

2's hydrophobic pocket, displacing bound Bim, thus restoring Bim's ability to mediate 

cytochrome c release. This mode of action supports a model in which Bad sensitizes the 

mitochondria to the pro-apoptotic actions of BH3-only proteins such as Bim and tBid by 

inducing their release from anti-apoptotic Bel-2 and Bcl-XL proteins. 
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We must consider however, the energetic requirements associated with a model in 

which BimEL directly activates Bak and Bak, following Bad-dependent release from Bel-

2 or Bel-XL. As mentioned previously, Bax's carboxy-terminal 0.9 helix lies within a 

hydrophobic pocket formed by its BHI-3 domains in its inactive, monomeric state. If 

BimEL is to activate Bax by inserting its BH3-peptide into the groove formed by BHI-2 

domains, one must consider whether the BimEL -Bax association is more favorable than 

the hydrophobic interactions stabilizing Bax's 0.9 helix. Only if this association is more 

energetically favorable would this permit disengagement of the peptide and subsequent 

mitochondrial targeting. Reports by Korsmeyer and colleagues suggest that this is 

possible since exogenous BH3 peptide derived from Bim induced oligomerization of 

Bax; however, these investigations were performed on purified mitochondria with 

concentrations of peptide that may not reflect physiological levels (Letai et al., 2001). 

Thus, if we are to accept a model in which Bad induces release of BimEL from Bel-2 or 

Bel-XL, allowing BimEL to directly activate Bax and Bak, we are accepting that BimEL­

Bax association constitutes a lower energy state as compared to Bax in its monomeric 

form. Future studies comparing BH3 peptides derived from Bim versus 0.9 helical 

peptides derived from Bax and their ability to induce Bax oligomerization will hopefully 

elarify this issue. 

Finally, a model in which Bad sensitizes the mitochondria to the actions of BimEL, 

by facilitating BimEL's release from Bel-2 or Bel-XL, suggests that through Bel-2 or Bel­

XL overexpression, mitochondrial integrity will be maintained and subsequent initiation 

of a caspase cascade will be thwarted, thereby rescuing the cell. 
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p75NTR Induces the Formation of Higher Molecular Weight Bad Complexes 

Our investigations into the roles of BH3-domain-only proteins in p75NTR 

apoptotic paradigms yielded an intriguing phenomenon: the appearance of a JNK­

dependent higher molecular weight complex that was immunoreactive with phospho­

Ser128 Bad, Bad C20 and Bad N19 antibodies. This suggested that the observed 

immunoreactive species may indeed reflect a stable, oligomeric Bad complex. 

In an attempt to gain insight into the properties of this higher molecular weight 

complex, we investigated the chemotherapeutic drug PaeIitaxel as a potential surrogate 

for p75NTR-induced Bad oligomerization. These investigations were based upon 

personal communications reporting that oligomeric Bad reactive species had been 

observed in PaeIitaxel-treated cells. Our initial assessment of U343 and U373 glioma cell 

lines, both of which are p75NTR-sensitive, revealed that Taxol treatment induced the 

appearance of phospho-Ser128 Bad immunoreactive species at 25kDa and 150kDa, the 

former corresponding to phosphorylated, monomeric Bad, and the latter potentially 

corresponding to an oligomer comprising phosphorylated Ser128 Bad molecules. Since 

Bad has been shown to exert its pro-apoptotic effects through sequestration of BeI-XL, it 

is also possible that this higher molecular weight complex comprises stable aggregates of 

phosphorylated Bad-BeI-XL (Zha et al., 1997; Tan et al., 2000; Hirai et al., 2001). 

Absence of a corresponding band on BeI-XL immunoblots however suggests either that 

this is not the case, or perhaps the band is not detectable because of aggregation-induced 

blockade ofBeI-XL's immunoreactive epitope. 

Taxol treatment also altered the electrophoretic mobilities of pre-existing species 

at 50kDa and 100kDa. Whether these immunoreactive bands represent pre-oligomerized 
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Bad molecules or just cross-reactive species remains unclear, particularly since studies to 

date have not reported the existence of stable (i.e. sodium dodecyl sulfate (SDS)­

resistant), higher-order complexes comprising either Bad alone or in complex with other 

proteins in the absence of apoptotic stimuli. Notably, Bad-14-3-3 complexes, which are 

induced through trophic factor signaling, are not SDS-resistant. 

Curiously, none of the observed phospho-Ser128 Bad immunoreactive species, 

with the exception of monomeric Bad, were detected in total Bad immunoblots. Rather, 

electromobility shifts were evident only for species migrating at 25kDa, again consistent 

with phosphorylation of monomeric Bad, and bands migrating at 70kDa. Of an the 

Taxol-induced Bad immunoreactive species, this particular band most closely resembled, 

at least in molecular weight, that which was induced through p75NTR overexpression in 

U373 and PC12rtTA cens. However, the observation that this band was present in mock 

treated cens and was not detectable by phospho-Ser128 Bad antibodies suggested that it 

was distinct from the 75kDa band induced through p75NTR overexpression. Subsequent 

studies in which U343 cells were treated with Taxol alone or in the presence of either 

control or p75NTR adenovirus revealed that co-treatment with p75NTR failed to 

potentiate Taxol-induced formation of the 150kDa species or modification of the 70kDa 

species. Furthermore, although p75NTR expression alone induced phosphorylation of 

monomeric Bad, it did not induce Bad oligomerization nor did it alter the phosphostatus 

of any higher molecular weight Bad immunoreactive species. This result was unexpected 

considering we had previously shown that p75NTR induces Bad oligomerization in U373 

cens. However, these cens had also shown differences in their susceptibility to Taxol­

induced apoptosis. Both LDH and MTT analysis of U343 cens had shown resistance to 
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Taxol treatment at concentrations in which 293T cells were susceptible. lmmunoblot 

analysis of U343 and U373 lysates had also revealed that while U373s showed robust 

cleaved caspase-3 immunoreactivity in response to Taxol treatment, U343 lysates did not. 

Furthennore, although both celllines are p75NTR-responsive, U343 cells are much less 

susceptible to p75NTR insult as compared to U373 cells as evidenced by MTT analysis 

(Bhakar et al., 2003). Whether differences in susceptibility reflect the fact that U373s 

harbor a defective p53 gene remains unclear. Nevertheless, it was evident from our data 

that Taxol-induced alterations in Bad were distinct from those induced through p75NTR 

overexpression. Consequently, we concluded that Taxol could not serve as a surrogate for 

analysis of p75NTR-induced Bad oligomers. 

Although we did not pursue characterization of the Bad oligomer, our initial 

studies suggested that the 75kDa species may harbor Bad molecules complexed to Bcl-2, 

as evidenced by immunoblot analysis that revealed a Bcl-2 immunoreactive band 

migrating at -75kDa. Although this data is consistent for a role in which Bad inhibits 

anti-apoptotic Bcl-2 members, only through mass spectrometric analysis of this complex 

will we obtain pertinent information as to its composition, thereby providing insight into 

the mode by which the se oligomers function to elicit a p75NTR-dependent death 

response. Furthennore, although Taxol could not be used in order to improve our 

understanding of the p75NTR-induced Bad oligomer, we have demonstrated a novel 

Taxol-dependent regulation of Bad at Ser128. 
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The p75NTR Overexpression Paradigm: Relevance in the Big Picture 

In this and previous studies, we have relied upon overexpression of an adenovirus 

encoding fulliength p75NTR to delineate the mechanism(s) by which p75NTR mediates 

PCD. Until the recent identification ofproNGF as a high-affinity, pro-apoptotic p75NTR 

ligand, studies have employed mature neurotrophins, which are notoriously poor in their 

ability to activate p75NTR apoptotic signaling cascades. Consequently, we adopted this 

gain-of-function approach out of necessity since it reliably induces p75NTR-dependent 

cell death that cannot be achieved through the application of mature neurotrophins. 

However, with the recent surge in the identification of novel p75NTR co-receptors and 

ligands, we recognize that these novel binding partners will undoubtedly modulate 

p75NTR activity and likely the mechanism by which it signaIs. This brings into question 

then: how does p75NTR signal in the absence of ligand in our overexpression paradigm 

and does it accurately reflect what occurs in vivo? 

The recent co-crystallization ofNGF in complex with the ectodomain ofp75NTR 

has provided valuable insight into the proximal membrane events regulating p75NTR 

receptor complex composition, and ultimately p75NTR's mode of action. It is weIl 

established that members of the TNFR superfamily reside in the PM juxtaposed in a 

trimeric PLAD. Upon binding of related, trimeric ligand, a conformational change is 

induced resulting in the separation of the receptor' s aggregated cytoplasmic tails and 

subsequent recruitment of signaling adaptors, aIl while maintaining extracellular contacts. 

In contrast, p75NTR exists as a dimer in the PM awaiting association of dimeric ligand. It 

has now been shown that ligand association disrupts the existing p75NTR dimer due to 

an imposed allosteric change which renders NGF's second p75NTR-binding site 
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defective (He and Garcia, 2004). Notably however, the TrkA binding site within the NGF 

core remains intact, supporting the possibility of the association of a tripartite complex 

involving NGF, TrkA and p75NTR (He and Garcia, 2004). In light ofthis data, it is easy 

to conceive that proNGF would behave in a manner analogous to mNGF, driving 

disruption of existing p75NTR dimers through its mature portion, while associating with 

Sortilin via its prodomain. Furthermore, it therefore seems plausible that aIl 

neurotrophins signal via monomeric p75NTR complexed with an appropriate co-receptor: 

mature NGF in complex with TrkA and p75NTR to mediate survival and proNGF in 

complex with Sortilin and p75NTR to elicit death. 

There is also evidence to suggest that p75NTR's ability to signal is regulated 

through sequestration to specialized lipid microdomains within the PM, termed lipid 

rafts. In fact, Higuchi and colleagues demonstrate that NGF added to ce Ils lacking TrkA, 

binds to p75NTR activating cAMP and its downstream kinase, PKA. PKA subsequently 

phosphorylates p75NTR's juxtamembrane linker region, driving p75NTR into lipid rafts 

(Higuchi et al., 2003). Interestingly, another study performed in PC12 cells and 

sympathetic neurons, both of which contain TrkA, failed to report NGF induced 

phosphorylation of p75NTR. However, the disparity between these results likely reflects 

p75NTR's ability to function as a TrkA co-receptor rather than autonomously (Taniuchi 

et al., 1996). Since proNGF has been demonstrated to show preferential high-affinity 

binding to p75NTR, and little or no binding to TrkA, it is reasonable to assume that 

proNGF association with p75NTR could also drive p75NTR into a lipid raft. However, 

the distinction between the model proposed by Higuchi and colleagues, which shows 

dimeric p75NTR in lipid rafts, is that proNGF association would lead to disruption of 
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existing dimeric p75NTR, consistent with recent crystallization data, driving monomeric 

p75NTR into lipid raft domains. In line with this model, in order for proNGF to initiate a 

death cascade, it is imperative that Sortilin also be present in lipid rafts in association 

with p75NTR. However, whether Sortilin exists in lipid rafts or can be driven to lipid 

rafts remains unclear. Investigations to date have not reported such a phenomenon 

because Sortilin is predominantly intracellular and consequently, studies assessing 

neurotensin- or insulin-induced PM translocation have only examined subcellular 

localization through crude methods. Research into this phenomenon will undoubtedly 

provide crucial insight into the mechanisms by which p75NTR signaling is regulated. 

Finally, the observation that p75NTR also acts as a co-receptor to NgR, which 

also resides in lipid rafts, raises the possibility that myelin or myelin-derived inhibitory 

molecules may also disrupt dimeric p75NTR, driving it into lipid rafts where it can 

associate with NgR. Although MAG, Nogo66 and OMgp have not been reported to bind 

p75NTR directly, it is possible that this process is driven by a yet undefined ligand. 

Collectively, these data support a model in which lipid rafts serve as critical 

microdomains that organize impinging extracellular cues into distinct signaling cascades 

through the sequestration of appropriate receptors. 

In light of this model, we propose that in our system overexpression of p75NTR 

drives it into lipid rafts in association with Sortilin. High receptor density facilitates 

recruitment of appropriate signaling adaptors such as Rac and initiation of an apoptotic 

cascade in the absence of exogenous ligand. Furthermore, since p75NTR is upregulated 

dramatically following neuronal trauma and this is correlated with death in vivo, we 

believe that our system mimics what occurs in vivo following injury and consequently, 
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our findings are relevant. However, with the identification of proNGF as a high-affinity, 

pro-apoptotic p75NTR ligand, we recognize that the days of overexpression paradigms 

are at an end and the next crucial step will be to assess the effects of proneurotrophins 

directly on p75NTR signaling events. 
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Closing Remarks 

p75NTR continues to elude us; with each new discovery that seemingly improves 

our understanding of this enigmatic receptor, we are confronted with new and perplexing 

questions. White its role as an apoptotic receptor in nervous system development and 

injury has gained acceptance, the mechanism by which p75NTR elicits cell death is only 

beginning to emerge. With the recent discovery of proNGF as a high-affinity p75NTR 

ligand and Sortilin as a required co-receptor, we are finally beginning to understand the 

membrane events regulating formation of a p75NTR apoptotic receptor complex (Lee et 

al., 2001; Nykjaer et al., 2004). 

Through our efforts to define the mechanism by which p75NTR elicits death, we 

have previously shown that p75NTR activates an intrinsic death pathway requiring JNK 

activation, mitochondrial cytochrome c release and activation of Caspase-9, -3 and -6 

(Bhakar et al., 2003). The present investigations sought to determine the mechanism by 

which JNK communicates with the mitochondria to mediate cytochrome c release. 

Through our analysis of the BH3-domain-only proteins, our lab has shown that in 

contrast to trophic factor deprivation paradigms, p75NTR does not transcriptionally 

upregulate BH3-only proteins. Consistent with this we and others have shown that the 

AP-1 transcription factor c-Jun, which regulates transcription of BH3-only proteins, is 

not a primary p75NTR target and is not required for p75NTR-mediated cell death 

(Palmada et al., 2002). Rather, we show that p75NTR induces JNK-dependent 

phosphorylation of Bad and BimEL at Serl28 and Ser65, respectively, and that these 

events are critical for p75NTR-mediated ceU death. Future analysis of neurons derived 

from Bad -/- and Bim-/- mice will hopefully lend in vivo credence to these data. 
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It is imperative to recognize however, that only through analysis of p75NTR null 

animaIs will we gain an accurate perspective into the in vivo workings ofp75NTR. Of the 

two p75NTR null mice that have been generated, p75NTRExonIII-I- and p75NTRExonlv-I-, 

both have been shown to harbor p75NTR products, making it difficult to draw inferences 

about p75NTR function (von Schack et al., 2001; Paul et al., 2004). However, we must 

overcome the technical challenges associated with generating complete p75NTR 

defective mice because only through generation of such lines will we enhance our 

knowledge of the physiological functions of the p75NTR. 
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Figure Legends 

Figure 1. Taxol induces post-translation al modification and oligomerization of Bad 

in U343 ceUs. A. U343 cells were treated with Taxol for 24 hours at the indicated 

concentrations; lysates were prote in assayed and equal amounts of protein were 

immunoblotted to assess JNK activation, total JNK levels, Bad phosphostatus, total Bad 

levels, as weIl as alterations in Bel-XL and Bcl-2 electrophoretic mobilities. B. U343 

(grey bars) and HEK 293T (black bars) cells were treated with an increasing dose of 

Taxol for 24 hours, after which cells were analyzed by MIT and LDH to assess survival 

and death, respectively. Triton X-treated cells served as a control for apoptotic cells. 

Conditions were performed in quadruplicate. 

Figure 2. Taxol induces post-translational modification and oligomerization of Bad 

in U373 ceUs. U373 cells were treated with Taxol for 24 hours at the indicated 

concentrations; lysates were prote in assayed and equal amounts of protein were 

immunoblotted to assess JNK activation, total JNK levels, c-Jun activation, total c-Jun 

levels, Bad phosphostatus, total Bad levels, alterations in Bel-XL electrophoretic 

mobility, and cleavage of caspase-3 as a marker for apoptosis. 

Figure 3. p75NTR does not potentiate Taxol-induced Bad oligomerization in U343 

ceUs. U343 cells remained untreated or were treated with 10f.lM Taxol (T) alone or in the 

presence of LacZ (LZ) or p75NTR adenovirus (lOOMOI), or were treated alone with 

LacZ or p75NTR adenovirus (lOOMOI) for 24 hours. Cells were subsequently lysed and 

subjected to western analysis to assess JNK activation, total JNK levels, Bad 
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phosphostatus, total Bad levels, alterations in Bel-XL and Bcl-2 electrophoretic 

mobilities, levels of actin, ~-galactosidase and p75NTR. 

Figure 4. p75NTR induces JNK-dependent phosphorylation of BimEL. A. PC12 cells 

were infected with 100 MOI of LacZ control or p75NTR adenovirus together with 5 MOI 

of either LacZ control virus (L) or AdJBD (J). Lysates were immunoblotted with 

phospho-Ser65 Bim or total Bim antibody. B. PC12 cells were transfected with increasing 

amounts of U6 control vector, Bim RNAi or Cdk2 RNAi. Lysates were immunoblotted 

for total Bim levels, and IKBa, Erk1l2 and Actin to demonstrate equal protein loading. 

Figure 5. JNK-Mediated Phosphorylation of BimEL at Ser65 is Critical for p75NTR­

Dependent Apoptosis. A. PC12rtTA cells were transfected with GFP alone or GFP 

together with U6 control vector, Bim RNAi, Cdk2 RNAi, pcDNA3 control vector, BimEL 

WT or BimEL S65A, after which cells were infected with LacZ or p75NTR. 24 hours 

post-infection, cell lysates were immunoblotted to assess the specificity of Bim RNAi 

and BimEL S65A constructs. B. PC12rtTAs were treated as described in C up until 

adenoviral infection, after which cells were fixed and immunostained for eleaved 

Caspase-3 immunoreactivity. Transfected cells were scored by a blind observer (n = 150 

cells/condition). '*' indicates a difference of p<0.05 between p75NTR-infected, 

pcDNA3-transfected cells (Bar 8) and BimS65A-transfected cells (Bar 10). '**' indicates 

a difference ofp<O.OOl between p75NTR-infected, pcDNA3-transfected cells (Bar 8) and 

mock or LacZ-infected cells (Bars 1-7), and p75NTR-infected, U6-transfected (Bar Il) 

and BirnRNAi-transfected cells (Bar 12). Statistical differences indicated by ANOV A. 
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Cellular/Moleçular 

Apoptosis Induced by p 75NTR Overexpression Requires J un 
Kinase-Dependent Phosphorylation of Bad 

Asha L Bhakar,'lenny L Howell,l Christine E. Paul,l Amir H. Salehi,l Esther B. E. Becker,2 Farid Said,~ Azad BonnLI 
and Philip A. 8arker l 

ICmlre ror Neuronal Survi •• l Montr .... 1 Neurolo!(i<allns6tutt. M,Gill UnÏ\· .... ity. Monlr ... l. Qud>ec. Canada. HlA 284, lDel>Jrtment of PatholollY' HafV'Jrd 
Mrdi.:al $choà. Boston. Massochust'lls 02115, and 'ArgtTa ThtTapeutks Inc., Mont".I, Qud"", Can.,da, HlE IA8 

The 1'75 neurotrophin receplor (p75NTR), • membrr of Ihe lumor neuosis factor r«eplor superfamily, facililates lpoptosis during 
development and aCier in jury 10 the CNS. The signaUng caKades activated hl' p75NTR Ibat resull in apoptosis remain poorly understood. 
ln this study, wc show that overexpression of p75NTR in primary cortkal neurons, in pheochrom0C}1oma ecU line (PC Il) ceUs, and in 
glioma ceUs r<'"Sults in activation oOun kinase (JNK), accumulation ofC)1ochrome cwithilllhe 'l'tosol, and aclivation of easpases 9, 6, and 
3. T 0 Unk 1,75NTR-depeodcol INK lelintion to mitocbondrial C)'lochroole (release, regulation of BH3-domaill-only family members 
wasexamined. TranKription ofIlH3-domaln-only familr members was not Induced br p75NTR, but p75NTR-dependent INK aclh'alion 
resulted in phosphorylation and oligomcriut Ion of the R1B-domain-unly famil)' member Rad.loss of fun,lion experiments using Rad 
dominant negath'es or RNA interfercnce demonstrated a requirement for Bad in 1'75NTR-induced apoptosis. Together. these studies 
prmide the Ilrst dala Iinking apoptosis induccd bl' p75NTR 10 the phosph0'1'lation of 8H3-domain-only famU)' members. 

Key ward$; apoptosis; iun kinase; neurolrophin; r(cptor; trk; œU dealh 

Introduction 
Th, four mammatian nl?tJrolrophill>coml'l'ise a famit)' lIf rdated 
growth (;"tors rC(luir."l for dilii:'rcntlati(1n, survil'al •• kvclop· 
ment. Jnd dcath of sl'''ilk l'0plllatkllls (1f n~unns alht non· 
ncurolul cclls. The cffr()s of th,' twurotr0l'hins art' I1wdiak,,1 Il\' 
l>indin)\ to ",Il smlacr TI'Iv\ (t~'[l),ln(' kind,r A). l'l'kil, and l'rkC 
tno~ine kinas(' re(~p1<H~ and {t}the piS nt!urotrophin f\?l.7eptor 
(1'7S'iTI~i. Ilol,', for l'rk reccptor, in n,nrotmphin <1,1ion in 
ncuronal "HI'll'al, )(l'I>I\1h, and W1ldl'lic 1Il,"lulJtk'n art'now \\'dl 
,,,tal>lbhcd iKaplJn and \!ilkr. 2(Hl; ratJI''>IIIi .• n ,Uld Rdch.u.lt. 
"0(1). Th,' iurktÏl'n, of the l'iSl'TR re(cl'tor aré l'Ollll'I,'x dl1<1 
Ildre l''en more dlllktùt 10 asccrtain (l)t'(hant and llarde,l002; 
Roux Jnd Barkcr, 200"; Chao. !(~)Jl. It is clcar that 1'75:--1TR 
tillKtinn' a" a Trk co·r~ccptor that ÎJ1(J'(\1;.(.'5 œuro!r0l'hln bind· 
ill)! allinity (llarkcr and Shookr, 1994; R)'œn ri id., 1997; Es· 
l'0sllo ct al.. ~()()t). and rccent sludit'S stl~1 tlkll il ma)' l'è a 
nltiGlI ~kmmt in J re.eptor complex that r"spon,l, ),) Illydin· 
hase..1 !1,roWtll Inhibitory signais (Wan\: et al., 2002; \\'onl( et al .. 
10(2) iUld r"gtùatcs Ill)'clinatlon (Co,gay.1 d dl.. ZO(2), p75~TR 

_n4 .. '".Dltr_40<l.21.IHtoo ...... 0lt.lJ,2OlI. 
........ ~.,_UlJ'lII!IJ~orn ... ( ....... IrNl ... oI~h_((IIIlir.AJ) ... 
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.4l ...... ""'_ct.c.no. •• HrobIip.A.H.'.b~ .... N ...... Ic-rnlll"'.IIM1oIo."""'. 
.Hp. on! f.8.h_4., telbl.jrgo /ottIIànI r.nk. r AB.I .. S,""lo/'lo (III. ~ ""11"""" 
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also has alitonolllOliS slj(naling role5, l'artkullrlv in facilita tin): 
JIXI!,to,". (n vitro analys..'s have shown thJt p75\'l1t indllc('S cell 
,kath in l'iimary trigt'minal (IJa\'Î<?S d al .. 1'19.11. hil'pocaml'al 
(Frit"hnan, 2000; Brdnn l't al.. ZOO! J. and 'yllll'atlldic ncttft'Ii' 
(Lee ct al., tq~·I; Balllji li JI., t 'i';lS J, ,IS \\'dl as rdinall'l't'cul'\or 
(l'rade cl al .. 1990; l'rade and IIJl'de, t998), ~ch\\'ann (~ilu­
lIanllinell et al .. 1999: ~)Toid ct al .. "000; l'clrato; <.'l al., 2üO~). 
oli~lXt"ldro..~1e (C,I,"ll'id-)lOI1lk'fiI d al.. t9%: \'0011 el al.. 
l'i';lS, al1<tllcllfOt>klS!ollla (cll~ (Bunon, N al., 1~~7). (1/ vivo. 
1'75~TR pl"},, a prollllncnt fIlk in al'()l'to~i~ thal O((lJI'S in \:lia 
,mcl nruron, aller IrillllllJti< iniury to the spinal (<'Id (CashJ ct 

al .. 2llOt: (kallie et al., 2(02) 01' braill (Roux.t al .. 1'1'/';/: Trov ct 
al.. 2002) and ha~ bc~n illll'Iicatcd in devel0l'Illental al')l'tosi~ in 
sol1lit~ (Cotrlna et dl .. 20(0). retlna. and spin,ll cord (l'rade and 
!larde, 199')) and in the pcril'her,~ 1~r\'OUS system (lllmii d al .. 
1'NlI), 

Th(·sili/l.llin~ cwnls tlul link l'ï5:\TR acti\'ationlo apoptosi, 
.ue beginllin~ 10 cl1ler~c al1<l 1'75Nl'R-dcl'endelll al'0ptosls i> 
ils'-OCÎakd \\'ilh an incl'Cdsc in Rac and Jun kina"" (l~K) 'Kti,·ity 
and eilSpasc activation (Gu cl al., t 99'>: Tournier ct al .. 2000; 

\\'an\: et al .. 2001; Il,minj:lon et JI .. 2(02). The pre.:lse ligand 
re'luiremenl' for p75"TR al'0l'totic si!1.llaling are nol clcdr. but 
r.wnl stud!.'!> hilvc ;ho\\'n tlldlUnl'fOlc>scd l'CF (l'roNCF, i> a 
Illol'e cflk"ü'us 1'75NTR li~'"1(1 tlklll matlll'l' NGF n.tOC d dl., 
2001: \lemic ct al .. 2002).:\ l'iethord ofl'75NTR intcr,Ktlng l'ro­
teill:; hawl'<.'cil itlelllifÏ<'d (Roux and lIarkl'f. 20021,alld >onK' .. 1 
Ih,·,c. inclll<1ill~ IIcurotr0l'hln rC(l'l'lor·intcradillg ~I.\GE ho­
molo.!: (NRA(;E! (~a"'hl ('\ al., 20(~)j, nrurotr0l'hin rC(cl'lor· 
inlcraC1il1~ I;"t,'r (!\RIF) (Cl, .. dclllllnt Cl al.. I~~~), ClIlc1 

1'75l'TR·as>odak'd ,dl ,kath rWLUtor (""DE) (~Iukai ct .11.. 
2000,. t'tdlitak p7S~lR·dcl'·lldent a l'''l'tosis. We haw r,>ft'ntly 
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Figwe 1. Dtlmprl!lslon 01 p7SNTR reclKl!IItIYIv.1ln a vadely 01 cellrPl!l. 0\. Conkal 
neu:ons: B. pm; C. U141 (wld-type p5l); O,W71 (mtlanl p53) cels were IIIRd wlh 
11aeasi1g nUtlpldtlesollnlectlon (MOt) of Wor pl5NTRl1!ClIIIbmll ldeIoYilllld ~1!1 
an.1yœd b' lint/ai br lhe Mil assay (!el! Materi.JIs IRd fI'l!llIods), [/lOI' bm Indk.1Ie Ill, 
Reslfli Wfreln.l~led IDrstatlstlcai !I!.tlllmœ br AHOVA (llkly'\ Hill mlklplecomplrilon), 
Slltls\IQI~ S1gnlk:llt clffI'rencl!l of p < O,OO1.n IncIGlIed bran aster1sk, 

,hn\\'n that NI~\GE alti\'at", a Illitochondrial death palhway in­
vol\ing J:\ K-dcl'cndcnl C}10chromc ( rekasc Jnd the a(tlvation 
oi (asl'ils('S iSaldli ct aL. 2002), but cSlablishin)l. Ill<' precise roles 
OfClKh of Ihc cytosolk interJclors of 1'75NTR rcmains a si~nifi­
cam ch.lIlcngc. 

Dcspitc Ihi~ l'rngl\'Ss. S('\'C1~11 iml'011.1111 qucstions rClmin un­
rçsoll'cd. The proximal demcnts Ihal conllcl1p75NTR 10 apo­
l't(llicl'.llh\\'a)'sr~ll1;Jin ul1ü'rlain, and It h nol (kar whcther );-,Jf( 
;KtivJtion is il prcrcqubik for p75NTR-induccd ilPOl'losis in ail 
1'''l't'OIt'ÎI'c .:db. htrlhcrlllorc,lhe mc.;h.lnlsms IIsed "y 1'75NTR 
ln indnêc mit<xhondrial ,-yto(hrol11(, ( rclease and (clSI'JSC <leti­
\'al ~111 art' unkno\\'n. In Ihi, 1 LI'0r! , \w address.:d Il ... ml,.:hanisl11 
HI 1'75KTR-inJuccd ill'oplosis in l'l'il11al')' 1110USC ,orli.:alneu­
ron~ and in l'IH.~)dHnl1l(lCrlonlJ, glionl<1, nemol'iaslolll", and 
nM,Iull,Na,lol11d ,db. Our lîndin):s rewal Ihdl a,livJkd 
1';'5:\1'R in\'ariably ,ause> INK ;j<;lÎl'Jtion, llIÎ1odlOndrkll (ylo· 
dHOI1l~ ndeas.:,and Œl't'JSC 'l, n,dlhl 3 ddil'dlion, \\'c5how th.ll 
J\'K Jètinlion is Ilc(('ssarr for l'i51"TR·dcl'cnd~nl (Jsl'asc 
d<,'I\'a~e ill ail rcsponsil't' «'lIln'l"'. To link 1';:;N1'R-illdu(cd 
J\'K a,ti\'aI~1110 mitodlOl1drial d)'SI1l11.1ion, wc exailline.:! Ihe 
aL,j\il)' of 1'75'\TR 10 inlr.:asl' ,:xl'ws>iol1 of Bf-IJ·dolllilin-onl) 
proldns but latin" Ih'1l1'75NTR did not Jctivate transcription of 
BI13-,10I1lain·onl~· gell('S, Il1slca.1, wc dCIllOnSlrJtc Ihal 1'75KTR 
;letiVJtiOI1 rcsul!s in II\K-dcpcndcl1l phosl'horylalion of Ihe 
BIi3-dol11ain-onl)' 1'I'0idn lIad and show Ihat Bad is rc~tlired for 
1'75'\lll-indu,ed "P"Plosi" 

Materlals and Melhods 
Mntef';a/s, Celi culture n'agent. were purch .. ed troOl IlIoWhlltlktr 
f,Walker5\ille, MDi, lUI le,. odwwi.e indiClled, Tht p75NTR anllbod)' 
aPI;' dire.trd og;lin<llhe p75NTR illlnoœUulH dODl.in (ROll' el al., 
1999), The "nlipt,~lde anllbody to l'ho''l'hor)'lated .,,!lnt Ils BAD "''''' 
directrd a!l.illst phosphop"l'tide C-EGMEEELp:'>I'FI!GRS oolljlll1i'lcd 10 
keyhole liDlpet <)'Onin and characterizrd as l'reviousl)' described (Kon­
"hi et al" 20(2). The l'hospho-Thr8.11'5J antlbod)' wa, a klnd gift of 
le\"" Ronai (Mount Sinai 5chool of Medicine. New York, NY). INKI 
anlibody (C-17, caldog #"-474), the two Bad ill1tibodies (C-2o, catal"l1 
#lc-943 and N-19 cablog #lc.65-12) and Ih. actin .ntibody (C-l, catal"l1 
"c-M~2) w.r. purchas"d fmDl S.nla Cnu Biotechnol"llY (S.nb Cnu, 

Blwkardil, o p75ftl1Uctlnlel B«ilo lmiucrApoptosis 
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Flgln 2, p1SHTRadlYnl!l (lljlill!s<rId Indtcesacclmulatlon flcytOilikcytoaromet0\. 
Cortical netJom I!lected wlh 10, 50, 01100 ~I of Wor plSNTR r«mml adenoI'Irus 
Wl!re ~and inalyzed br Il1IIIUIlObIotlorlel!ll ollacl. p15NTR. Iidful-lenglh Cisp.ne9 
prOlell or, UIlIII œmg~spe:tlkattlbodles, for levehof dImed Cl1lU!I!slllld 6 and derted 
PARP .B.U3HcelsWI!Iellfectedwlh 50orlooMOl flelherjja orplSNTRadenol'irusfOl48 
hrortrenEd wl~ eDPJSIde 50 l'M (+). ud then Iy!ed and analyzed for Incrl!lll!lln delvEd 
CIspl\l'9. C, [15cortkal netlons, um.lnd PCllcel~Wftelftt Inlnfected (Q orwerelnfectEd 
wlh 100 MOI ollacZ (il), or p15NTR (pTS) ra:ombll~t adenorirus. Thlnr llOIIs lallJ. cells 
WI!re fr.ldlouled forcytosolc lD~enll Il de5cribl'llln MlIIJIII5 Ind t.\!thods, (y.,sollc 
tadlons AOII1Ii~ed for prŒeln COllEnt Wl!1I' I.iyzed br InntI1OIi~lg wlih an .ntlbody 
dlr«1P!d agilnst CJ'Idlrorte, 

CA). Al1ti-flag anlibodr (M2, c.blog#F-3t65) wa.obmined troDl Sigma 
(Sl.l(Juh, MO), C}1ochrorne cantbody wu l'urchaled from l'harMln­
gen (S.n Diego, CA) (catalogIl55643J), ~-gal.ctosidase (laeZ) antibody 
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Wl'fe l'iated <lnto l'oIY-L-lyoine-oo. ted pb te< 
and trans1l'Ct.'<I u.lng UI'"roctamlne2000 .. dl­
rl'Cled by the manufa~1Urer (Invltrogen). ceU 
Un .. \Vtr. inrrcted wiLh adeno.irus 24 hr III.r 
plaling. 

_.__ p>5NT>1 Crrochromec rrltase /UJay_ C}10sol-enrlched 
subcellultr fraction. wer"prel",red as descrlbed 
in Sdehl et 01_ (2002). ln brlef. five million œlls 
w<re h.rvest"d, washed onœ ln Tris-buffered 

_____ S"" ...... salin. 00 lIlM Tris. pH 8.0. ISO mM N.CI). once 
in lIuÎlèr A (100 InM mer""", 1 m~. EGTA •• nd 
20 m>. J-(N-nlOrpholinolpropan.sulfùnic 
acld, pH 7.4), and th,," resuspended ln SOO ,,1 
Buffer B 1 Builér A phu 5'lb Percoll, 0_01% dlg­
itonln, l "glmlaprotinÎn, l "glmI lenpeptin, 1 
"lifml pepstatln. 1 m .. lodium ortho'",'llIdate, 

Fit'" J_ p75N1R lCtlrateslhe NiUthway.A, U371 ceiswerellfededwlB 0,50, l00,or lOOMOI o!coolrolAdt.KZor wllh 
Adpll1l1R.B,pmcEl~ wtJe Inje:led wkh ° or 'iOMOI DI AdliCl orAdp75N1R. (, (ortkainetlOllSwerellle<tfd wlth 10, 50, or 
150 WI of AdllCl orAdp75NTR.lysal'swlJe jlI'e\Ured *",,, IlIerlnfl'{Uorllnd elilllllMd byll1f1U1Oblotlilrllcl, p75NTR, 
~L1lfdH(pJNKl,IIJIIIJII(K474IilrA,(I-mllilrBl.pliœpl1orylatfdc-Jun(pJlnl.RloIllc-J"lIllIdklIed. 

waspurch.sed trom Prome~a (M.dison. \\II) (cataJog#2J781).andanti­
Int1uenza hemagglulinin (anli-IIA) .nlibody (1 !CAS, rntalog~158:1t\16) 
w"I'\Ucha ... d Irom Roche (H.rt lonh Ire, liK). Pho"pho_Thrll.'nyr'lS 
INK (G9. calolOt: *92$5). SAI'KfJNK (catalog 19252), pho,pho-5er"' 
c-Jun (catalog*9lbl). phospho-Ser" c-Iun (catalog*9I64S).c-Jun (cal­
alog *9lfil).ca:;"" .. -\) (rut.log #9502). de.ved <3'1"""'-'\ (A.pI75, cat.-
1,,\\ 196(1). <I,,,,o"t'<l c •• I' .... -6 (11"1'1911. rulalog 1976IS), and druved 
l'oly(AOI' -ribose) Ix~)'mera ... (l'ARP) (AsplI4. "talog #9541) -'1'CCill( 
aotbodies wt,.eOOtaint'<i tTOinCeli Slgnalin~Tt'(hnolo!()· (Ik"\'\'r1)', MA). 
Clea,t.'d 01'1"' ..... -9 anlibod)' wa. gmemusJ)' pr<)\'ided b)' Merd.-frosst 
(Oorval. Qucbec. Can.da). Ilorscradlsh ""roxJdaae-conlugated ,,,:ood­
ar)' antibodles were pun:h.sed trom I"k.on 100munoResearrn \ Wesl 
'.ro"e, l'A). 1001nUnOr8lctive b.1nd, were detected \1si~ enhan"d 
chemllumlnescen<e purrnased trom PerklnElmer LUe ~Ienœs (lm­
er)'\'III<-. CA J. Ali olher r"'gents Wl'fe Irom Sigma, Calblochem (la lolla, 
CA J. or ICN Ililxhemicah (Cost. Mesa. CA). lin k-,. ülherwis< indicated. 

PlasmÎtlsnnd rrcom/linnl/l ntltllovÎrNS. l'r'l,aration "frewlnbin"nt ad­
eno\·iru. exprCSllng ~'Ilhan~-d grt",n fiuorescenl proteln (AdGFI'), 
/:I-~.Ia(toslda.., (AdLaa), fun-Ie~dl p75NTR (Adl'75J1."fR), the A"Il­
tagged INK-binding domain orlNK inlt,.actÙ1!1,protein (/11'1) (AdIBD), 
.nd HA-'l'it0l'e laggal MLK-J (ldMlIO) have bœn ITC\'iously de­
scribed (Roux et al., 2OO2)_Allad<!Ooviruses wereamplüled ln 19JA cells 
and purified on ,ucrose gradienls •• 8 previously dt ... ,.ibed (Roux et al .• 
2002). VinlSts \VtTe tilered h)' optic.1 den.il)' and \lSing theti .. ueculture 
Int«ttou, do .. SO (l'CID) assa)' in 29JA cells. TU<r. are exprtssed in 
l<rm ofplaque-iûrmln~lInlls. The Bad domina n t-negali,'\' pLmnld con­
• isting orGFI' fll!<ed to a Rad n"'liIl"'l~ide in which $<,.128 W'IS suhstl­
luit\! h)' Ab .nd !ht. parental GFI' '"e(tor ha,'\' both bc<n l'revlou,~' 
deocribed (Koolshl el al .• 20021. 11", &d RNAI construcl "' .. genel'"dled 
b)' targeting the sequm« GGGAGCATCGITCAGCAGCAGC in mt 
BAU. a. pr .. toudr descrbed (Gaudiltier. d al .. 2002). 

CcII rn/nife, ;"(tl(fWfL alld rm,~tmio". Human glioma (U3H. L'J73. 
U1I7, and lI251) .nd medl~lobb.toma (U\\'228-1. U\1'21~-J. 

l 'Wn~-3. and naay) celiline. wcre provided b)' Dr. Roland Del Mat­
stro (McGilllJnivmll)'. Monlreal, QtJebeç, Canada i .nd malnt.lned ln 
~'l'" CO, al :l7'\: in elther DM lM or RPM 1 medium ,ul'l'lemenled wlth 
10% let al ",If ... nun (FCS) (Clont..:h, C.lInbrid~., OK), 2 ID>! 

!-glutamin<,. and 100,..grIRI l'enkil1in-.trel'tom)'cin. Nemobla.tonla 
rellUoe> (SY5Y. SKNAS, IsN •• nd NGP) wc", l'rovlded br Dr. t>dvld 
K'l'lan (Unh'erslty of Toronto. Toronto. Cao.dI) and nlilintalned as 
.bove. The rdl pheochroIRocytonli œil line l'CI 2 IV"" maintaint-d as 
prevloml)' dt'5Cribed (Rou~ d al, 2oolj. and Ihe l'CI2rtTA œil lil", 
(pc 12) Wou purchased fi'om Cioniem and maintalnal ln 10% CO, al 
J7"C in L>MEM .upplemented ,,;Ih 10'li, l'CS. 5% hone semm, 2 InM 
!-slut.mlne, 100 ,,~mi l'l'fIidllin-.tr'l,tomydn. ond 100 j.<gIml G418. 
Celi lines were pbted 1 B-24 hr hefùre I"nsteelion and I}l'kall)' har­
\'e'stcd 2-1 - 48 hr after infection. Primar)' cortical çulture'S w~re preparffi 
f"'In t'Dlb'1"lOic da)' 14 (E14)-Elb CDI ml 'use k-kn«,'halon a. de­
",rlbed p"vloust)' (Bhakar ct .L. 2002). Ntwon.1 cultures werc blÎ<.'ded 
beforc rl.ting and malntalned ln Ncurobasal malla (Invltr0llcn, Gallh­
ersbur~. MD) ,ul'l'leulented \Vith 1 X 1127 supplmlent (lnvitroj(Cn). 2 
mM L-WuI,mine. and 100 l'rlml l'enicilUn-strcl'tomycin. l'C Il ccUs 

and 1 mM phen~metb)'Jsulfooyl 8uorlde)_ A 
sample of lhi. suspenQOI1 wu !t'tained a. total 

œil Il'SIte_ The remainder was inGlbaled on iœ fur 1;; min .nd then 
centritiJged at 2500 X gfor JOmlnto remove Intact c"lIsand nuel<-\. The 
su""m.tant Wai then centrlfuged at 15.000 X Il fur 15 min to 1',11<1 
mllochondrla. The final supem.t.nt wa, deslgnated CytOfiOI. 

'mmulloblorri/lg. Ctiis were I)'sed ln radlolmlll\ll1Of'roopltation a,sa)' 
1:41"-"" (10 m .. Tril. pH 8.0. 150 mM NaO. 1% Nonidet 1'-40. 0.5% 
droxy<hoble.O.I% SUS, 1 f'g/ml alTotinln. 1 ,..glmlleul'eptln. 1 j.<gIml 
""l'st. lin. 1 mN .odlum orthov. nad. te. and 1 mM phen~lmethylsulton>i 
tlumide) and an.lyzed for protthl «,ntent uslng the BeA .'''l' (PierCt', 
Rlxkt"N, IL)_ S.mp"" were normalitt'd for l'r,,lein (onl<"t. su'pended 
ln lat'nlmli sampI<- bUI"kr. separated b)' SDS-I'0lyacrylamkle gel el<-ctm­
phort'ols. and elcctroblotled onto nltroceHulo,.,. B1octJn~ and ><."ond3r)' 
antibody incubations of immunohloh \\'lYe p"l1onnal in Tris-huffered 
sallnc--Twœo (10 n1.\1 Tri •. pH 8.0,150 mN N.C1. and 0.1% lwœn lO) 
supplemented with 5% (w/v) dr1ed sklm mUk powder or 5% (w/v) 00-
,;ne 'ermn albumin (IISA) (l'ierœ). Alll'rim.ry anlibody iOGlbation< 
"'ere perlormed ln the b1o<tJng solution, ""«pt IOr Iho ... Im'Olving 
l'hosphOS!'''dtk a nt bod les th.,1 w"'l'erformed 1 n Tri. -buft-....ed .. 1Ine-­
Tween 8l1pplem,,"ted "ilh 5'lb \lM. Immunoreacth'e bands were de­
lroed bycbernllumlnc.œnce(l'erkin-Elmer LlfeScieocc.), according 10 
Ihe manuladurer', Instruction •. 

SII".;val asray. Analysis of cell .urvival W'5 performed bl' MIT .... y 
usin~ J-( 4,5-dimeth)'lthlazol-2-)'I)-2.5-dlphrnyltetrazolium bromlde 
(MIT). whkh w ... dded .t a Ilnal concentration of 1 mglmllorthe 1 .. 1 
4 hr ,0( • ·18 hr infect km. 111<." /'e3<tiOIl WJ. ended bv Ihe addition of one 
""Iun", of ,olubilizalion bu".'!' (20'11> SDS, 10% dimeth)'It',mttnlide • 
and 20% acctlc _cld)_ Aller overnijdtt roIuhUlution, spec!fic .nd non­
Sf'CClfi( absorbendes weil' redd al 570 and 690 Dm. r"'pecthd)'. Each 
dal. poinl w.s perlornll.-d in 1 riplica te or '1uadru pl b te. and eXl't,.imen­
talll",ult> W<'re anal)'Led b)' multiple ANOVA. WlUl .tatl'tkal probabUi­
lies asslgned uslng Ih. Tukey te.t lor multil'I<- comll3!'isollS_ Exh exr<r­
imenl wa. perlormed independentll' al leas! thr"" lime •. 

RT-PCR. 450,000 l,l.1ï3celisor primarycorlirnl neumnswelt' int«ted 
"'Ith "irus,and 24 hr lalcr mRNA ... a. i.a1.ted usin!(lhe R.'IlE .. )' Mini kit 
3"ordin\\ to Iht, manulaclUrer\ instmdion. I.Qiilj(t.'I1, Hild.n, Ger-
m.n)'). cDNA ..... gcncr.tcd llSing the Omnhcript III kit (Qi.fICI1) and 
r.lOdom bexam .... (Roche" Il primers. l'CR wu l'<rlormed for 30 (ydes 
u"OS 300 "'" orthe 10110wing l'rimer. for lJ373 cells: actin ""nse, 5' CAC­
c."crn"(.Î·ACAATGAGC; ant\!lense. 5' CGGTCA(,,GATCrrCAT­
GAGG; hmMEL sense. 5' TGGCAAAGCAACCTTCTGATG; .nll5.nse, 5' 
AGTCGTAAGATAACCAITCGTGGG; hllMF ...... , 5' CITC.crCf­
CTGCfGACCTGTITG, ,nthen .. , 5' AAGCCGATAC.ccAGCATTGC; 
hHrk/Dp5..,.".,,5' TCGGCAGGCGGAACTTGTAG; anUsense. 5' GCTG­
TATGTAAATAGCATTGGGGTG: hBIK stn ... 5' AACCCCGAGATA­
GTGCTGGAAC; Intlsen ... 5' GCTGGAAACCAACArnTATrGAGC; 
hl'UMA oen .. , 5' ,\CTGTGAATCCI'GTGCTCTGCC: anUoense, 5' AC­
CCCCCAAATGAATGCCAG; hNOXA .. n ... , S' CCAAACTCITCTGCI'­
CA(',GAACC; .nli .. n .. ," CGGrAA TCTTCGGCAAAAACAC. 

For mou", cortical neurons. PCR WIS perlorm.d uoin!\ the '3n1<' con­
dition. as a~ u'in!\ tl1<." followin~ prlmers: mBilllEL sen .... 5' 
CCCLî'ACClCCCTACAGACAGAA: antlsen ... 5' CCAGACGGIIA-
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FI9Urt 4. IlhlbitlOII 01 MAI'lK ~1inQ InelU11e1 IpoptlM 1ndU(~br plSN1R.A, Ul7l 
eel! ilfec1l!dwlh mMOI ofMLK31det!oYlusorleltlJlirlec1l!d 101 WM'trNt!d411v 111I! 
wIh OMIO or ([P1l41 al 200 ""lorI 11". (eh \\1!fl! hllYeI1I!d,lId IYliJleswefl!!Üll«W m 
IllllVloblol anat)'llsfor pholjJho·Se!6I c -~I (pJII1I and totale-J .. PlOEII. B. (ortkllllfU­
Ions inlffi~wl~ 50 It'Diol I.Klorp7SN1RadenoftulWlJetrell!d wlhDr.Mor 5O,200,or 
500 'M([PB47forllrllinA.lysale\\\1!reil\llyz~ ~illIlRoblollllndla~(pbl,(-b1, 
lieZ, p75N1R). C MlIeZ or Adp75N1R-inll>ct~ cortlcai 1etJI0I1I \\1!fl! IlI!aled Wilh 500 l1M 

([Pl341 (0 orOr.M (0) al thetirœ of infection, and lyIatel we!eprepll!d Uhllaierand 
iI\Ilyzed br IrmUloblollorleveil olp75N1R,lIcZ, pho\jlllo-Sef"c-Jln(pJII1),11d clely!d 
mpale 3 (cl. mil!!\' li. 

GATAAAGCGTAACAG: mHMF sen"', 5' C1TGCTCTCrGCTGAC­
CTCT1TG; anlhense, 5' GTIGCGTATGAAGCCGATGG: mHrklDp5 
S(rue, ;' TGGAMCACAGACAGAGGAAGCC: antiseniC, 5' MAG­
GAMGGG,KCACCACG: mBIK ieI1 .... , 5' TCACCAACCTCAGG. 
GAAAACATC; antiloffist\ 5' AGCAGGGGTCAAGAGAAGAAGG; 
mNOXA "'""'. 5' TGATGlGATGAGAGAAACGCTCG: .nlisen~, 5' 
AAAGCAATCCCAAACGACniCC: l'7SNTR sen .... , ;' TGAKITCTG­
GAACAGCTGCAAAC: antt .. 'niC, 5' CCTIAAGTCACACTGGGGAT­
GTG. Flve percent of the cUNA rrepared was use<! in a 25 ,,1 l'CR 
reaction. and the reaction product was .epar.ted "n an Bq(, polyacryl­
amide gel. lIlaln..-d wlth t-thldluOl bromide. and \'hu,ùized undt'!' UV 
Ii~ht. 

Single.ull CtlSpase.j ncrimtion /US111. PC 12 cella wt'fe transfecW wlth 
l'lasmldsencodlng eltber GF!' alone, Gf\> tiued ta a dominant Interfu'­
Ing Bad nmapeptlde. or GF!' l'iasmid and l'LJ6/BS-Bad RNA Interfer­
eJlceplasmidala 1:2 ratio_Celh wereiniected wilheitheradLacZorwlth 
adp75NTR 4~ hr afler transi'ctton and fixed 24 hr taw u.in~ 4'1':, par.­
fonnald • .'h)'de Ul l'ilS. C .. II. Wl''''' blockl'd in TIlS sul'I'lenl<'ntrd with ~"" 
donk.y ",runl.nd O~I% Trilon X-I 00 for 30 min and then illmb.Led for 
18 hr al 4"C with (mtro! r.bbit .... n or with antibodie. directed ag,ln't 
cle ...... d ca'I"'''' 3. Serondar)' antib"dies (donk.,· antl·nbbit mnjul')Ilfd 
C)'J) and Hoeschl33248 wt'fe .l'plied lor 2 hr at 4"C. GFP-po>litÎ\-ecclls 
were Kor.d for the presence of ",tivaled GUp.se 3 br a blind.d observer, 
Il'ilb JOO ,dl" oWlld per c ond ition. Th is .. tperitnen l was repeated thrt'C 
time1. and lite cOInpa.ile dlta \\'Cre illliÙyzed for lIlaUsttcal.ignHicance br 
ANOVA (1'\Ù\e).', honeJtly .ignificant dltlmnce (HSUl multiple 
comparison.l. 

Results 
The physiologkal conditions thal rcsull in aclil'aUon ofp75NTR 
<11'0l'tolic l'athways are complex and Iikely regulat",-I br multiple 
Iil1'lnds and co-recel'Iors. Wc have l'rcviously shownthat recom­
binanl adenovintsexl'ressing lilli-I\'nglh p75l'\TR orth\'p75NTI~ 
inlraccllulJr domain ellklcntly induccs apoptosis in the absence 
ofaddcd Iil1'lnd (Roux ct al.,2ool\, and thisapproach was used 10 
J~l1n~ "1'0pIOlk signalin!: l'athwa)'~ a'livat''I.1 by 1'75l'\TR. \V~ 
b'1.an b)' Icsting ccillinesand primar)' celllH"-'S for SUSl"lllibilil)' 
10 p751\TR-Induœd "calh, H~ttre 1 silOW' that l'rimary mouS(' 
corticalneurons, PC 12 phco(hromocytolll3 eclls, ,llld l:345 and 
l.'.li3 gliollla tine, ail show",-I redu,;cd "iabilil)' whcn infectt'l.l 
with adenovim>-exl'r\?ssing 1'75NTR, wher~as infe,lion wilh 
(Onlrol ad('n(lvirt1se'l'res~ing(:l-g<d<ldosida,c Il.açZl had no sig­
nilkanl cfrell. Other lines leskd, Inclll,ling other gliolll<l lines 
(C151 and USï), varlous ~dulloblastoma lincs (Dao)', 
t:\\'2I\S -l, l:\\'28~-2. and tr \\'1 81\-J), and nettr()bL1.~IOl\la lines 
(::')'5Y. ISN, NGP, and SKNA~l were r('Sistanl 10 l'ï5NTR­
induccd dcath in this assa)' (data nol sho\\lll. For Ih" rcmaindcr 
of this siudy, wc IOcuscd our Jtkntion on l'i5NTR-depcndcnt 
al'0l'tosis in primaly mous(' lorti"ll ncurons. rat PCl~ (clis. ~nd 
hUlllan ll.l'i,\ and L'ï3 gtioma tilll.'S. 

Activation or th.;' o;trinsk al'optolic p3thway bl' ,kath rc(cp­
tur> that ,u,' ,tl1ll1l1rJily r<!lJted tn 1'75\TR results in antode<l\'­
a~" and adivation of ,a~I-';IS~ Il. Al1i\-dlÎoll (If th~ intrinsi< dl\()­
l'loli.: l'dlh\\':I)' [(·,ults in r€k;lsc of milodlOndrhd ((Intent, and 
.KlÎvati"n of (<tSl'dSC~. \\,,, Ihereforc ,kterlllined the dc1ivalion 
stalus or apical ':~'f'Jses R Jnd 9 and clreclor cJspas.....,. J and (\ 
durin!: 1'7S:--"TR-indm:ed <{poplosis. Exprc.sioll of 1'75NTR r~­

sultcd in a rcduction in lcvels offull-Ienglh casl'ase 9. a ..-orre­
sl'0nding increase ln Jctivaled casl'Jse 9, (Jspase J, and (Jspas.? ci 

and Jccumulation oflhe clcJved '-ormor PARI', a CJsl'JSC 3 sub­
strate (Fig. 2A,B). In conlrast, pï5:-JTR-dcpcmknl CJSpJSC 1\ 
dcavage WJS nol ol'scn'l-d in <lny of the (dl types c.x .. ullined (,lata 
nol shown). l'i5NTR-dcl'cndcnl mspaso: activation was not 
GllI>ed by ad~n(J\inllloxkltr be<.;ame œl)" inféd.\! with <01111'<1-
fable qUJnlitics of LaeZ adeoo\;nts dlct nol exhil'il caspasc acli­
\'(lli"n. TheS\? data indkale thal p75NTR-induced <lpoptosis 0(­

lllIS prilllarilr through an intrÎlhk death l'athway that ill\'Olv€, 
reiease of milodll.lIldrial ((ln lents and ,j(li\'ation ofUlspase~_ 

Casl'dse 9 ,1l1ivalion requires li.lfIllalÎoll of an dl'0ptosolllC 
compicx wnsi!oting of cJsl'asc 9, Al'af-l. and (ytosolk cyto­
lhrome (. Rdease of .:rlochrome c rrom milt.x.hllndri;l into Ihe 
l}1osol is a kc)' rcguialor)' slcl' in this l'rocess_ To dcterminc if 
.:}1ochromc cis rclcascd dUling p:'5:-JTR-induced ll'0ptosis, (dis 
wcrc Icll lIninlcclcd or Wèrc infcclcd wllh p75S'IR or J conlrol 
ddcnol'irus, Ih('n Irsed, subieclc..! 10 subccllular rractionalion. 
~l1d qlosolk l'radions were Jnalyz('d lor lylodUlllllt· [Ievcb by 
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HPI S{aflokling lIlolecule (;'dJBD) l'las 
USN to Inhlblt JNK actlvity ill l'h'O. This 
HPI fragment Is bclievcd ta scqu~er lNK 
and Ihus acls as an efl~ive dominant ln­
hibilor of lNK signaling (Ilmding et al., 
2(01). Wc nrst (Onnnned that MJBD is 
capable ofblocklng JNK-depcndent targe! 
l'hosl'horylation br demollslratillg Ihat il 
blocked c-Jun phosl'horyla.km indllCed 
br tumor IlCcrosis factor (TNF)a, a wcll 
chal1lcterizcd JN K l'alhway induCCf (Fii(. 
SA). Subsl.'Iluen. sludl..,; establlshed .hal 
AdJAf) l'idS equally efiective in bloçkin): 
(·Iun rhosphorrlation induccd by 
p75/1;1'R expression (Fig. 5B). To deter­
mine ii INK inhi"ilion blocked ap<Jp'olic 
sii(ndling Induced by p75KTR, ,ells l'lere 
infecled wi.h p75NTR in the absencc or 
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l'r,'Scnce of AdJBD and as~sscd "'1' 
,a>pa>!.' 3 a,1ivation. Exrression of ,\dJBD 
efle(t1vely blochd (3spase .l activation ln 

FlflI'f S. ActlYA'lonofthe JNKpàhwA)'is rlllui'ed for p7SNIR-mEdlAted CAlPase«tiYaliol. mnunobIotsfOlpllospho-\el6I 

(-lJl (plJlL (·lIIn. FIAIJ·J".lacl. p7SNIR, pho\jlIIo-lhr IIIIT)'I' '''·JNK (PJNIO, 1«. ndd~lied rnpA\e ll\ttl! pemnned ~ 
luluted OII)w'15 tom IBn (fis l!6Itedwlth lNF lOng/mi Iht Weil! elher IeftUlIrfI'CIl'lf (Ol 01 ill!ctl'lf wlhJBO-J" 
ad~IIJril1s(JBOl al 10t.ilI(A~ IDrtlulll'llllllsill!ctedwth 10 MOI of lacl 01 p7SNIR adenoIIrustogetherwltl IIC/lllsilg 
atllOIIIIs (o. 0.05.05, 2.5 MOIl of 11I).JPAdelOIfIl (8),uid pm (eis !rIl'Cted wlth SO MOI of Lac1 or p75H1R ACllJlOyiu\ 
~edWi'~ Lac1orJBO-J"UBOlAClmoYius(bo.ha.S MOI) (o. 

ail responsive ccII 'ypes. indkaling Cl Cnl­
dal role lor INK ac'ivation in .he 
p75l\Tll-inJ1KCJ Jpor'olk Œ,ead,· (Iï)/.. 
SC) (data nol :;ho\\'II). 

Thcse data d('monstra'e Ihat IN K acti­
\'Jlion is a ('rerequisi'e 101' p75NTR­
induerd JI'0pw,b, bu. >ubs'rak, of J~K 
II!;II plcl}' a role inI'75NTR-indu"x) al'0' 

inltllllllOhkll. Iïplf~ 2C shO\" Ihal ,y' n,brome [ wa, no. d~­
.... ctcd in the ,l'losol of uninl~'d~d ,dis or in cells ink,h"( wi.h 
(ol1lrol adc·no\;rus. whcrcJs C)'10solk cy.ochrot11(· [was rcadily 
d"Ic'(f(-d in .hl· C)10501 of œlls ",xl'rcssin~ p75l\TR. Thus. 
1'75NTR in"lIl~' cy'oduome ( relea,e frolll t11illldlOndria 01 
lIlultil'kçdlln'~'· 

ActÎ\·a.ion ollhe I:>iK l'Jthwa)' is an impor.ant rCi(ulalor 01 
,ll'0l'tolk ... WIl'S in sCI'NJln('uronal dCdlh l'aradii(ms. and JNK 
«ln h,',"1i"<I •• ",1 hy l'ï5NTR in ,,"'eml (elll~l"'S' Ü'lbisknl with 
.his, \Vi' l'lul1<llhal1'75NTR expression in IHinl<ll}·t11oU"""Htical 
nrurons and ln PU2 and U373 cclls consistcntly r('cmlt,,,1 in 
phûsl'horylalion of lN K (Fig. 3A.BJ and induc.;d a dose· 
resl'0nsi\'(' inueasc in the pl1tl~l'horylation of C-)llll, d 1 1\K largel 
llïl:- .KI, TheS<' results indical ... \Iut i5NTR-induc<,<1 JNK <1,1i­
vation is a (onsistcnt fca'urc ofp75NTR-responsi\'c (ellt~l'<'S. 

To bcginto Jddrcss lhe role orthe JNK l'athway inl'ï5NTR· 
indlKed <1ptll'.osis, IVe lesl~d II.., e.Ti.'l.1 of CEI11.147. a MAP3K 
inhihitor .ha. cxhibits anli-al,op'n.k ... flecls in s\'Veralneuronal 
and non-n~lU'onal sysl.:tns (~"porito cl al .. 2002 J. Wc Il!'st Icsk'd 
110:' ahilil~' nfCEPI.14ï to "1<Kk c-hln l'hn5I'hnr)'IJ'~ln in l'Cil 
celb ow!'exl're"inl! )'H.K.'. an \1:\r.\K hlcillilkd as d targd "f 
(,[1'1.'17 (,\Iaroll'')' d al.. 20() 1; Rom d al., 20021. n"ur,' 4A 
5hOl'-, lila' Ille' ,.'llll'0lllll( aimosilolllpldcly l'I,l(k~d .h,' rohl!'t 
,-Illn l'hosphol')1ation indlKcd l'y this kin,I~,'. \\'.~ n,'\t rXillllillù1 
\\'IMhd CEP 1.\·17 1'<"luc,~( ,-JIIII l'ho,phorylalioll or "I~'a)(' 3 
a,liq.ioll. whkh ll'a, illdl,,-,'d Il)' p75NTR. C[P I.H 7 dkf ill,h'd 
r"duce 1'7St>:TR·.tcl'cndcn. ,-Iunl'hosl'horylation ,lIld CJsl'a5c J 
activation hui only a' high concentrations (500-1000 IIMI (lïg, 
4 B,el (da.a 110' shown). The"," 11l1din~s indka.c IIMt redue.ions 
in MAP3K '1I1e1 INK signalill)( al"'lIuales <ll>oplosis indll<'t,-I b)' 
p75NTR l'c. suggesl Iha. blockad€ 01 ,1 nonl'reli?rred .arge. of 
CJ:PI3.J7 is requlrcd tnr thls cllee!. 

To direc.l)' a,s~ss .he roll! of Jl\K Jctivity in p73;\;TR-illdu(Cd 
dea'h, an ad(,llovims eXl'rcssillg .hc J:'\K bindillg domaln of .he 
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l'lo~is Me l1nKnown. To h<'gln '0 charJc'eril.e targets of J I\K In­
volwd in pi5NTR-lnduced de'llh, we tirst wllIpared ç- lun phos­
phûryla'ion induccd br p75NTR or MLK3, J IlOtt:il' inducer or 
JNK actil·i.y (sec aho\'(·). Figurc 6A shows tha. pi5NTR and 
MI.KJ induei.',f rohust phmphorylation of Jl\K.llowlwr. Ihere 
WJS Ulnsidcrahl~ dis.:ordanc" between .he J:'\K a'1h·dtlon. c-Iun 
phûsl'horylaUon. and (asl'as('-3 Jctivation inJu(ed I>y p75NTI~ 
v"rsllS ilILlO. 1'75NTR and MLK3 Înduccd comparabk I;\;K 
phosl'horrla'ion. bul onlr IIII.K3pro<.luc,,-1 a slùlslanlial i1meaS<? 
in c-Iun phnsl'hnrylation, whereas onl)' p75NTR induccd sul>­
stanllal c1cd\'ai((' oi eJspJsc J. To detcrminc If our èXI'Climcntal 
dcsl~n may hal'e misscJ an rarly peak in p75NTR-induccd (-Jun 
l'hosphor)'lalion. JNK activalion and c-Iun l'bosplwryLllion 
wcre examined al 12.1 R.14.and 3Dhr aner adenovirus in.ëètion. 
Figure6Bshows UJall'hosphûrylated JNK \Vas t1rsldctected 18 hl' 
aller 1'75NTH infection and incrçased filrthçr br 24 and 30 hr. 
CkawJ caspase 3 WdS ,k'l<x'abl .. 24 hl' aller Inf~1ion. bu. (-Jun 
l'hosphoryld'iol1 showed " signifk:dnt lai(, dnd an ek",·;ttion in 
l'hûsl'ho·lul1 kwls w('re dClc,1cd only aller .10 hr inl'xliol1. 
Thes.:' data ~h(1w thal 1:'\1\ activation correlak's \Vi.h 1'75NlR­
il1du(~d d~,lth and "I,I(~c'ts IhJI (-Iun is nol a l'rdàrl'd substrat" 
of Ihe JNK ,ollll'kx Ilkll b d(lh'dl~d l'y 1'7:>N1R 

BH~'lfntmil1 ·(1nl)' l'rol('in, dhwlly and i",1ireclly indllLr .he 
as .... xiation of Ilax and Ilak. whlch in '"rn 1:1(illtal<> r('kas.:' 01 
m\lodlOndrial proleins sueh ,,> qtochromc [ into the C)t<J>ol. 
TranSéril'lional a<'lÎl'alion of BII3-,k.main-onl)' g~n"s IhrOIl)(h 
(-htn· or 1'5~-drpc",1cnl r.llhways ts importanl ln Jpoptosls in 
severalncllronal and non-I~lIronal ~eltings. Wctherelore exam­
in,d whi.'lhcr 1'75l\TR-indllc"d a 1'01"01 1<; signalin~ wnclated 
wilh acwmulation of BH3-domain-only !\Cne produ,.s. PCI2 
and un cclls and cOl1kal ncurons wcre infected with LacZ or 
pi5NTR aœnm'irlls and alteratlons inmRNA levels orthe 11113-
domain-onl)' famil}' nwmu.:r> Bim, Bmf. H rk, Bik, Pli ma, anel 
Noxa wcrc dctcrmincd by RT-PCR. mRNA (orrespondinj1. '0 
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Fl9ure 6. p7S1l1R-lndu<ed mpase J elemge does n'.Ho/~all' wlh ~~tlon of 
e-ul.P02cehwereinlectedwllh 'D MOI of Adl1cl (Ul,hlp7SN1R (p7ll,Of AdMlKl (MU<l 
/l'Col1bi1art adenOOlllUI, ild~(,\wEfeprt'plred al JO h/alerlnll'CllOi (A, O,or li 12. 18. 
24,mdJOlv lfll'r ilfectlon (BI.l:fII(es lornralked for pllteilwRleel WEfe l/laIyledfor llcl, 
p7SN1R. Cleill'ed elspase J, phoSpho-lh/ "'/Tyr'II_JI( (pJtlti,lotai IIK, p'ospllo-Ser" 
e-br(p)Jnl.lIdl04af(-brp/oteillel'ek~(llrlUlObIof ~lndClted. 

~adl 01 11k"(' 1;lInily /l1~l11l't'r, wcre rNdil)' dc\t'({cd in bOUI cl'll 
typ,'s (·xamincd.l'llt l'i:;~TR-dcpcndcnt inercases il1 Ul.:'ir I"wls 
\\'cre nol detccted 1 Hg. 7) Idata not shown).11ti~ indicatc; IhJt 
JNK KtÎ\",llion induùoJ br p7,:-:TR Jo", not indll(C trJI1>cril"­
lion ofBH3-domain-onl)' g"'/ksand >ll\(gC>t> Ih<lt altcrnatc l'alh­
wa)'sare rcsl'onsibl.> I,'r p75:\TR-indltlcd 'j'lodHome (rrl('~sl' 
and l,'aspasE' ~ a ... 1i\~(llion. 

1H13-do/11.lln-onJy l'rotcins can.ln somc Instcll1ù·s. bc rcglt· 
IJkd b)' posl-translalionJI mcch.1I1isrll< .. \kl-d'l'<?nd .. 'nt phns­
phorl'lalion 01 R/J on 5<'r112 Jnd 5<'rl.~6 aJk,\\'s il to J~s()(i"te 
\Vith 1 ~-.l-.ll'roldns and thad')' sUl'prlos:;e" iL> l'ro-apoplolic 
<K1Î1'ity .. \J~)pt"tk khI .. "", induding 11"1\ dirl'c-lly adil'aldhe ,eU 
dealh machiner)' hr !,hosl'horyliIUn~ I~d at ~rin~ 12~ (1 )()/~)­
van Cl ai., 2m2). 11le phosl'hnrylation of Ilad Jt IhL' rcsiduc dis­
nt!'IS the inlNJetinn of Bad with '" -~-3 l'mteins, Ihus 3110wln): 
nad tu indlK~ apoplo,is (Konishi et al.. 2(02). \\'e therd,.re de­
knnÎl~d if 1'75:-:TR .. divalion rcsulted in l'hosphorylation of 
Ilad on ~er 12~. l'CI 2 and t;.173 cells "'ere infwcd \\1lh l.acZ or 
1'75:-<TR ddenO\'inls and alterations ln Ilad phosphoslatus were 
examÎlKcI bl' inunulIlNol. Figures S. A and B, shows lhal 
p7;;:-<TR expression Imd litUe cffcCl on Ihe !cvrls or l'hosl'hosla­
lus of nlOnomcrlc Bad (-25 kDJ; bul rather imhKcd the KCU­

mutation 01 a hi~her mOkl"lllar wei~hl spccies (--75 kDa). This 
l'mduct was delcctcd by Iwo antibodies dir .. 'cied .Igainst distinct 
cpilO!,CS in Bad (i\:19. (20) as weil as hl' .1l'hosl'hosl'ccitic '1I1Ii­
body dired,cI Jgainsl thl' P,K pho'l'hor)'IJlion sile wilhin Ilad. 
The 73 kna pmduéllhcrcfore al')'CJrs to l'<l'''c'''nl J sL.lbkoligo­
merle wlIll'lex wntalnin~ Bad l'hosphorylalcd (.n ~~rlnè 121\. Tn 
dd,'nnim' il I\K .Illil'ily ((mlribules tu 1'7~\TR·d"1'èndt'nl nad 
phosl'll<''11Jtion ~nd ,~ii\omcrization. P(.I ~ éclJs wcre inlecled ll'ilh 

Sim 

Bmf 

Hrk 

Sik 

Puma 

Noxa 

p75NTR _Actln 
FIgure 7. p75IUR does nol trllla1ptlonal~ re<JUe BHl-jJollafn-onIy protl'inl, Cortical 
neu/DIls Yt\'It' 1 rllI:\!d wlh 0, sa, or lOCI MOI 01 LlClo rp7SN IR (p7 5) adencwl rus. and 24tvlltel 
mltNA Wl\ lIoIated Il dmlle:lln Mifeffalmd Me\hodl. Rl-PCRwlI peffO/lled U\In<j prim­
ffi dlrected lOalnsl BIm, BraI, ~ Blk.1'Iml. lm, p7SN1R. and Artin as lMicated. 

adal1winl' ('Xl'rcs~n.g l'ï5:--JTR in Ihe abscn.:-e or l're'mœ 01 :\.1-
IIlD.Iys..\I and cXilmin,d by' Bad imnllU1oblot. r-iglU"(' ~CshCtws Ihal 
inhihiting 11"1\ adivil)'wilh .... dJBD l'r('\·ellt(~llilflniltk.n ofthe ila,1 
(ol1lpb. indlo.:./tin)!. that NI\ ,Ktivity is r .. qlllr~d lor p7;NlT<­
d'l'(11dent Bad pho>phorylation and oligmnerir.llion. 

To dd~nninë ifl'ho!ophor)lation of Serine Il~ ... iUtin nad i, 
ncc(?Ssary IlIr 1'75NTR-illlluce..1 caspase a(\il'aliol1. PC 12 ,dis 
wcrc Iranslcclcd \\'ilh a domlncllll-nCl(ati"c Had serine 11R mll­
lant allelè (Konishi el al., 2001) and Ihen inlected \\1Ih p75NTR 
or (ontrol viru,. 11le abilil)' of tht' dominanl-n"'~Jliw Bad con­
strud to Inhibit l'i5NTR-tlepentlenl (aspase 3 aclil'alkl/l was ilS­

,essccl aftcr 24 hr ofl'irus infection br $Coring transfcclcd cclls '<>r 
the ('resence 01 deal'",1 CJSpdSe ~. Fi~ur(' 9 sholl's Ihal eXl'r,,,sioll 
of Ihe dO/l1inant-/K~aliw Ilad serinc 128 mUlant aU de \Onfcrs 
si~l1i1kant prolection Irom 1'75\1 J{-indllced 'Jspase 3 dcal'a~". 
suggc'sllng Ihal Ilad phosl'h0'1·1.,Uon Is neccssar" lor ('7,;NTR­
Induced apol'tosis. To ..-onl1rm that casl'ase 3 d.'avage ilhluœcl Dr 
1'75!\n~ rcqllircs Bad. p75NTR-indllœd apCll'losis was Jsscssl'd 
in (clis in which Ihe endo):enOlls Iwel of Ilad wcre rrouCL>tll\sinp, 
RNA Inlerference. The abilil)' of Ihe RNAi conslrun to rcduêc 
Bad I~vels was IÏrst vali<lated in 293 and l'CI 2 (ells (suPl'lemen­
lary l'ig. 2. d\'allJblc al "ww.jncurosci.orgl and Ihen uscd 10 rc­
dU'é Bild kwls in l'CI 2 œlb Jx>lorc adcnovirus infl;çUon. PC 12 
cclb \\wc tramll'cted wilh CFP alonc or with CFP logclhl'r with 
the Bad-RNAi pldsmitl and, ,IN hr laler. \Vere inlecte<j with eitlter 
p75\TR or l.acZ adcnovinrs for 20\ hr. l'CI 2 (cll~ transfc,lt',l 
wilh &IJ- RNAi do nol !\cncratc l'ylmoti<: nudci (tl,la nul shown) 
and are hlp,hly resistant to p75NTR-in,1IKed (asl'ase-.l dcavJ)!.c 
(Fil/. ~l. inJkatinga ,,"udJIIOIe loI' ItlJ in the l'i5K11~ .11'0l'totic 
l'athwa)', 
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ligand bindingto ccII surtace apoptotic 
reçeptors suru as Fas and OR3 indue""" cel 1 
dealll br Inltiating formation of a d'"lth­
induçjng signaling complex that facilitatcs 
F/\S-assocklted death domain-dependent 
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caspa>c 8 3AArcgation Jnd activalÎ<lIL 
Olher death slÎl1luli Induce Jpop!osis l'Ii­

FIg,"8. p75N1R adjyal~JtK.œpendentp'o~..cI oIQomerIlalion ofBid.A,Um cfls wereln~l'dwl" 0, 
50,100, or 100 MOI of laclorplSHIR ideno'ius.and ~II!S wereanalyzl'd by imuIobIolilr W, plSHIR. ,*mpho.\eI ua 
Bad,and S.d «(-20, s'OWIt N19, ~t. IlOt sIIown).B, KU œlls were IeIItnlta:RcI (0) orWl'l'l! ite<ll'd lIilh LiCl (\.l) 01 plSNTR 
(p7SladenoriIlSI~ lOOMOI,Ind ~tl'S Wl'l'eanllyzedbyi'mulolllot bLacl,plSltIR. t*Q5IIho-\eI Uls.d, I.dlid ((-10), 
C. PC12œ1lswlTe iœtedwilhnotfi'Q (0), W (lz~ 01 plSltTR (PlS) IdenorlrustOQelherwll' e1ther SMOIollaclOi JBlHI' 
(.81)) adelorillS. LysatMwerec~edfOlI!qJl~lhlll 01 Bad,deawdcaspase l.lacl, pl5NIR. and FIaQ-IP (f1lQ) by lnl1U­

noblotlSl.dutEd. 

lIlarily via q'IO(hr0l1l" (-depeIK!cnl '\(.1i­
vation of (,llipaSe 9 (Shi, 2(K)2). Al1ivation 
of (aspase 8 versus caspasc 9 is thcrelorc a 
distinguishing regulatory t'vent !hat l'l'O­
vides inslghl Inlo Ihe l'ft,,"i,!' ap0l'Iolk 
palll\vays invokt>d br an exu,l(ellular StÎlll­
ulu~. Wc haw fouI'K1 Ihat ln glîoma œil:;, 
PU 1 ails. and primary cortlcalnt'urons, 
l'ï5t-.TR-induced apoptosis is inVJr~ll'ly 
aWlmpanlcd by the activation of (aspase 
9, casl'ase 6, ami casl'Jse 3, whereds 
l'ïSt--TR-depcndenl (<1;1'3'<' ~ adivalion 
was \1C\W obscrved. This sugp;ests Ihat ac­
tivalion of the intrinsic dealh pathway is 
(mdal I<)f p75NTR·Ï1Kluccd Jl'ol'tosi, 
and indkales Ùwl çylosolk milO(hondrial 
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Fltll'f 9. Bad Il reop!ed forp75N1R-llllucl'd lpopIOIk. pm cels were tr.il1lfe<ted wllfl 
GFP ptasliid aione or l'If th 6FP pt~ togelherwkh plalllidsencodilg OH-Bad (11l8A) 01 
eljlressing 8Id-RNAi, Celis were Intàd.& brliterwkh laclor p7SHTR adeRI1/illllld •• t 14 
hrlnerlntec\iol, wITe flledand inInIlllollllnl'd lordeMdcil!jJlSe )<1Idelaibedl. MIIIT~ls 
and tW!l\ods. Conlrol EqJerinetIllelllblshed thiil del/I'd uspase l mnunoreldlYlycorre· 
lal!\wkh TltIEtst.1l.1ng IldillhUlavaid \lII1IQateb<te<ll1easlreœt of WOIls(see 
supplementl!)' Fig. 1. mlable al www.JnetM1.orQ). Ilulfectl'd cels WI!Ie \())!ed for 
mpase 1 deal'aQe by 1 bllnd ob_ (II = loocell~Iion). ',.dlCites 1 dfleJellU' 01 
P < 0.001 belWWlGFPIMoct (Blf 11 and GFPlp7SNIR (B.lr5),..cI·~eladiflerenceOl 
p < 0.001 betweenûIP1\l7SHIR (BIf 5)andboü DH-8ld,'I!7SN1R (8ar 6) and wkhBad RNAiI 
pl5N1R (8.Y7), IndGlRclby AJ«WA. 

Discussion 
Th~ II1cchanisll1slIscd l>Yl'ï;~rR 10 indlKc dl'oplosÎsarcuni4uc 
and bcar littlc similarily 10 ceU,kalh signaling l'a!hwa~'s IIScd br 
other pro-apol'Iotic Illellll~rs of the TNr r~.-ept()r slIl'erfalllily. 
ln Ihb report. \1.' show ÙIal 1'75STR-illduced dealh cOITdales 
\\'ilh q1osolk a((lIlllulalion of cylochrol1lc C and J,1iVJtiOIl of 
Œ!'pJSe 9 and (d'pase .1. l.'sÎng the J:\K t'indlng domain of JI l' ,1S 

a JOIIIÎnJnl suj'prl'"or of JNK Jdh'Îty, wc show that J"K is r~­
<]uired tOI' 1'75NTR·indll(ed (asl'a~c ~ aclivJtion. Lnck'r (ol1\1i· 
tilln; ill whidlp7S:-lTR illdlKes .INK phosl'horrl,ltioli alld d~,llh, 
1'75NTR does 1101 in.:re,lSC I11RKA le\'(~, of BI IJ-dolll,lin-llnly 
fdmily Illclllbcrs Ihal are lrans.:rij'tiollalir rc~ulatcd bl' (-Iun or 
1'5~.lnslcad, \\'C dClllomtrak Ihat1'75!\TR spc(HilaUr inncascs 
l'hosl'hnrr!;lIion dll'! oligollleril.ation of Ba" and show Ihaillad 
pli)'. a ,mdal rvk inI'7;NTR-illduced death. 

qln(hrom~ ( a((lIInulalÎOn is an impOJ1ant rcgl~atory step in 
l'i5STR-lnJuced de-ath. These l1ndings are ln substantial agree­
mcnl wilh olher >tuJil~ cXJllIiniu\l, p75NTR-dcl'l'ndcnl ,<IspJse 
activation and are consisl('nt with J re(cnt sludy showinll- th,1t 
blO\;k<ldc of cm'I'ase 9 a,'livily signifkantly allcnuales p7S:-lTR­
indl1(l,,1 Jp()plosb (Gu et al.. IW9; Wang el al., 1()()1; Troy cl al., 
2oo2l. TO\l.cthcr, thes," rcsulls show that p75NTR InduèCs al'0-
ptosis Iluough an inUinsk dca!h pathwa)' thal rt'Sults in mito· 
dlOndrial (ylochrome (release and caspase 9 a,ti'·alion. 

The INK .ignalinK cascade plars a crudal IOle in allOptosÎ> 
induced hl' J "arlcl)' ofstimuli (KuranJga and M iura, 2002). Wc 
examined Ihe role of J:'\K in p75~TR-induced 31'0l'totk signal­
ing l'y cxprcssing a fragment of the III' s(alroIdÎn~ lI10lcCIIle Ùl<ll 
dir~ctl}' binds 10 INK Jnd thus J(15 JS J dOlllinant INK supl'r~s­
s())'. This Jpl'lHadl rwealed Ihat J1\K signaling is a crilkalprç­
re'luisÎlc for p75NTR-d"l'cndenl cJspJse Jcth"llion in ,111 ccII 
I)'I'CS eXJl1lineJ. Wc also report Ihat CEl' 1.J.l7 redu,cs 1'75 ~rR­
-Icl'('n(1.:nt Jcath but only al high coIKenU'ations, suggcsting Ihat 
inhihilion of 1'7;;:'\n~-indlK.,,! dealh l')' (TPI.\·17 likdr r,,>ulls 
1'1'0111 blo..:kaJ,· of J nOIlf'referr~d la l'gel di,Und fwm ~I LK3, To­
g,'lhN wilh olh~r r('(enl sludk'S (l'rkdman, ~1i()1); Han-ington <~ 
al.. 20(2), Ihese data Ihcrclorc i11\iic.1Ie a cl1Ieial role lor J:\K 
,ldivJlÎon inl'75NTR-ÎnJucùl JllOI'IO'" ill JII .:dll)'l'':; exall1· 
in~,110 dale and raise the possibililr thal cnz}'11(~ in the Jè\K 
1',lthway lIIa~' proville f«lsibl~ lari!<'ts 101' inhil>iling 1'75'HR­
induced dpoplosis aller Irmll1hlli<: C"S in,iury. 

lIH3-dolllain-onl)' family mcmbcni inhibillhc action of anli­
al'0l'lotÎc I\d-2 falllily Illclllbcl> such as lld-2 and lId-xl. and 
fdCililatc Ihe a,1ion of Bax and Bak at the milochondrÎa (Lelai.,\ 
al., 2002). The regulalion of BI13-domain-only l'roleins i. a key 
sI,'!' linking proximal signaling ("'cnls 10 Ihe induction of ccII 
dealh (Iluallg Jn.i ~Irasser, 2000). ln syml'athetk nemons, JNK 
,1,tivalÎon r(':mlts inl'hosl'horylalioll of (-JUil. whkh illlurn r~· 
sults in transcription of !he BHJ-doll1ain-onlr lamil)' mClllb.:J's 
Ilim and Ilrk (Harris and Johnson, 2(WlI; l'nicha el al., 2001: 
\\'hÎlIidd et al., 200 1 ).In olher 'yslems, l'53 'KtÏ\-.lion r<'Sulls in 
Iranscrlplion oi dlstincl pro-al'0l'Ioti<: BI-I3·doI1lJin-only l;ul1i1)' 
mcmbcl>, SIKh as Noxa and PUllla (Wu and Deng, lOO21. \\·c 
Iheret'lIe hYI'0lhesiud Ihat 1'7Sè\TR-dcl'endenl JI'(Jl'losis ,,'a, 
m,soCÎated wilh transcription ofkno\\'n BI \3-doll1ain-onlr Id III ily 
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members. HowoNer. p7~~TR does nol apl'car 10 enhanec Iran­
snil'lion offlll3-domJin-only l"amily lIlemb~r,. sllggeslin~ Ihal 
alternative l'alhways arc rcquired for 1'75:-.JTR-depcndcnl 
çalf13se activaI ion, 

R11.1-don1din-onlr family lIlC!mhers are presenl in normal 
(cils in Ihe absence of Jl>oplotk stimuli 'Illd musl be rcndcn'd 
inadive 10 prcwnl apol'Iosis. One mechanlsmlhal acwmplishl's 
this is S('queslration throu~h protein-protein inlerJetions. For 
eXJmpie.lhc BH.1-domain-only l'rolcin Bad is bound to I~-J-j 
(Zha ct al .• 1996; Dalla et al., 20001. and Uim and Bmf are sequcs­
tCrl'd !nlhc cytosol br bindlng 10 dyncin Iight chain or m)'osln V 
(l'ulhaiakath et al.. 1999. JOOI). Sigllilkmlliy. rceent Ilndlngs 
have rcvealed thJt Ihe sequestralion oflhese thrce nH3-domaln­
only l'roteins (<In he n~atlvely r~ulalell by JNK. UV irradkllÎon 
of IIt:K293 cclb r('sults in JNK-dcl'cndent phosphorylation 01 
Bmf and Bim. releasing thes .. l'rotdns from lheir cytoskeletal 
asso(Î'ltinn and alklWing Ihemlo ŒllIributetolhe'll'0l'tolk «lS­

mM (Lei and DJvis. 2003 J. The ~rlne 1 ~8 l'hosl'horylation of 
8.-\D JclÎl'aks BAD SI'<'l:ifi.:ally br inhibitinl\ Ul~ inl~rJ(\ion (Of 
~erine 136-pho5I'ho~'lated IV.n wilh 14 -3-3 pl'olcins (Konishi 
el al.. 20(2), ~~rin(' 136 is a large! of survival f,lctor-Indllccd 
kinases,lndllding!\kl,and theohservalion tha! p75NrR indllces 
l'ho51'horylation of BAD al Seline 128 sug~esls that )'75NTR 
l'romoles JI'''l'tosb br 0pl'0sillg >\1 [\'i\';I 1 fal10r signais thdl SlIp­
pre" the cell di'alh llladliner)'.pi5NTR activation alsn re~ulls III 
the ()Ii~omcrilation of Bad throUllh a JNK·dcpendent pathwJ)'. 
Asi.:l" From Bad itself. the WmIXlIJellL' of Ihis slable oligomcric 
cOIllf'kx rCIllJin unknown but may indlldc anli-al'0l'totic l'ro­
tdns sudl as B,,-~ and Rel-XI (J.dai el al.. 20(2). These 11I1<1in!:' 
provide Ihe li l'st data lin king p75NTR adi\'ation 10 Ihc)'h05I'hor­
)1alion of llH3-dolllain-only làllliiy Illcmbers and indkalc Ih.lt 
1'75NTR regula tl'S <l1'0l'tŒIs thrnugh ,1 JN K l"Ith\\'a)' thal is lnlk 
1~lllknt of Irans,;rirtion, 

l'<lImada ;:t al. i 20021 have re(~lItl)' l<lund Ih<11 (-Iun is 1101 
r~luir ... d lor 1'75Nlll-indu"d Cl'II (~,lIh. Consistenl \\i1h this. 
OUl' ddta show Ihal k'wb of c-Jun l'hŒl'llllrylation induceJ h)' 
1'7SNTR '11'1.' mo .. bl alhl do nol indun~ 1r<1IlSlTil'Iionllf c-Jun 
la rI('" , Ihal indu,1r Bim alld Ilrk. Thu>. althou)!h (-Iull phos-
1'1~lr)'IJlklll is il llS""111 r-t1l'rog'lte 10 asscss J ~K activation. it dOl." 
not Jl'prar to l'IJ)' a signitkanl l'ok in 1'75~TR -induccd <11'01'10-
sb, IloWl'VCr, allcrnJtÎl'(' J:-\K-ll~l'cnd~nll'<llhw~r5 ma)' conlriu­
ute 10 1'75NTR-dcl'cndcnl al'0l't0515. Olle candidJte l'nthwa)' 
im'olws l'53. whkh (an be acti\'at~1 br direct l~K phosrhoryla­
lion and has [,,,,,n ill1plkdllxl ln p75NTR-lmlL"t'(l ill'oplosls in 
oncstudy (Morzct al. 199R). Ho\\'cwr.p75NTR fCadily induces 
apopl"si~ il1l:373 él'lls thallJ(k Illl1ctionalp5J (Fig. Il and l'ho.­
ph"'l'l'\:illc anlibodÎ<'s dir<'I.1ed again,t Thr 1\ 1. il JNK lar~d res­
idue in 1':;3 <Bmdunalln .. 1 al.. 2001 l, <If al4IÎnsl Seri:; or ~~r2() 
<DUl11al ,'1 dl" 2[XH) di.! nol rt'wHI signilkanl p751\TR­
dCI'<'lhknt l'hosl'horylation ofl'53 (dJla nOI shown), ~oncth(-­
les>. "l' (annolrulc ouI the I""sibility Ihat l'53 or rdated lâmil)' 
nWll1bl'l's 111J)' 1'1:1)' a l'ok in 1'75NTR-indlKcd dl'0l'Iosis in s)'l.'­
dlk drCUll1st3nœs. 

ln thi~ "lh1 l'r{'\'IGus studi"" wc have us«1 pï5NTR OVCfl'X­
pression as Jn cXl'erinwnwl p"radigm 10 Slud)' 1'75~lll-ind\KCd 
''l'0pto,,is, 1'75~TR 1~I'ds ollen rise drall1alicdlly "ner neuronal 
in_iury. and the iniLU~'-ind\((",1 J((l(Il111IJI~'n 01 1'73:'\TR is 
lit:htly asso<ÎJted wilh neuronal dCdlh;1I f';ltl ()l"llX et al.. I~'l'l; 

Troy cl dl.. 20011.1 Inwe\'N. "lthou\!h 1'75NTR owrl'xl'ri"sion l, 
a (oll\'cni~llt l"UJlli)!l1llor Jnal)'LÎIl!(dllwllstrCJm. il is importanl 
III CIlll'ha, iu thal p75NTR hinü, multil'Ie lit:Jllds. and Ihese ar~ 
«'l'tain 10 modulJI.: its Klivily. In parlièllktr. rcœnl studles indi­
GU(' Ihal Ihe l'ro-lon11 01 NCF is a l'0tenl Jclivator of p75!'\TR-

BNbr .. t • p7SHTRActl ..... a.dlO kl4lKtApoplQl/s 

induccd Jl'ol'losis in vitro and ;11,,11'0 (Lce et JI.. 200 1; Bealtie ct 
al.. 200ll and a crucial next slep will be to directly ,1s,~ess the 
eftccts of pron~urotr0l'hlns on p751\TR slgnallng cvcnl~. 

p75:-1TR plays a promlnent role in nervous system 31'()l'losis. 
l'arlilUldfly aller trauma. and identification of the l'ro-apoptotic 
signal Il'ansdudion Illcchanisms activatlxl b)' the rccc!'tor arl' 
beginnil1~ 10 ~ll1erv.e. In thl~ ,Iudy. wc show that p75NTR­
d"pendcnt JNK activation is requircd for casrase actimtlon. Wc 
dcmolblrale !hal 1'75NTR-dq'~ndenl fNK activation indu(~ 
phosphorylation and activation of Bad. il UH3-domain-only l'ro­
lein. and wc show thal Bad 15 required for a)'ol'tosls indllccd br 
1'75Nllt 
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Abstract 

The c-Jun N-terminal kinase (JNK) signaling pathway plays a critical role 

in mediating apoptosis in the nervous system. However, the mechanisms by 

which JNK triggers neuronal apoptosis remain incompletely understood. Recent 

studies suggest that in addition to inducing transcription of pro-apoptotic genes, 

JNK also directly activates the cell death machinery. Here, we report that JNK 

catalyzed the phosphorylation of the BH3-only protein BimEl at serine 65, both in 

vitro and in vivo. The JNK-induced phosphorylation of BimEl at serine 65 

promoted the apoptotic effect of BimEl in primary cerebellar granule neurons. We 

also characterized the role of the JNK-BimEl signaling pathway in apoptosis that 

was triggered by overexpression of the p75 neurotrophin receptor (p75NTR
). We 

found that activation of p75NTR induced the JNK-dependent phosphorylation of 

endogenous BimEl at serine 65 in cells. The genetic knockdown of BimEl by 

RNA interference or the expression of a dominant interfering form of BimEl 

significantly impaired the ability of activated p75NTR to induce apoptosis. Taken 

together, these results suggest that JNK-induced phosphorylation of BimEl at 

serine 65 mediates p75NTR-induced apoptosis. Our findings define a novel 

mechanism by which a death-receptor pathway directly activates the 

mitochondrial apoptotic machinery. 

Keywords 

Apoptosis; survival; neuron; BH3-only; signal transduction; neurotrophin receptor; 

protein kinase 
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~---" Programmed cell death of neurons is an indispensable part of the 

development of the nervous system and contributes to neuronal loss in 

neurologic in jury and disease. Two canonical cell death pathways have been 

characterized: an apoptotic pathway that is triggered by the activation of cell­

surface death-receptors and leads to direct activation of the caspase cascade, 

and a cell-intrinsic apoptotic pathway that requires the release of mitochondrial 

proteins for caspase activation (Strasser et aL, 2000; Kaufmann and Hengartner, 

2001). 

The pro-apoptotic BH3-only proteins play an important role in the 

activation of the cell-intrinsic cell death program by acting as sentinels of cellular 

damage (Huang and Strasser, 2000). Once activated, some BH3-only proteins 

including Bid are thought to directly activate the pro-apoptotic multidomain BcI-2 

family members, while others including Bad interact with and inhibit the pro­

survival Bcl-2 family members including Bcl-2 and Bcl-XL (Gross et aL, 1999; 

Huang and Strasser, 2000). 

Among the BH3-only proteins, Bim (Bcl-2 interacting mediator of cell 

death) is of particular interest to studies of apoptosis in the nervous system. 

Developmentally-regulated neuronal apoptosis is delayed in mice in which the 

bim gene is disrupted (Putcha et aL, 2001; Whitfield et aL, 2001), suggesting a 

critical role for Bim in neuronal cell death. An important question raised by these 

studies is how Bim-induced death is regulated in neurons. Previously, it has 

been shown that the apoptotic stimuli of growth factor and neuronal activity 

withdrawa1 induce bim transcription in sympathetic and cerebellar granule 

neurons, in part through the c-Jun N-terminal kinase (JNK)-mediated 

phosphorylation and activation of the transcription factor c-Jun (Harris and 

Johnson, 2001; Putcha et aL, 2001; Whitfield et aL, 2001). 
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Bim exists in three major isoforms that are generated by alternative 

splicing: BimEL, BimL, and Bims. Among the distinct Bim isoforms, BimL and 

BimEL are the predominant isoforms in neurons (O'Reilly et al., 2000). 

Interestingly, BimEL is constitutively expressed in many neuronal cell types 

suggesting that BimEL function might be regulated by post-translational 

modifications in neuronal cells upon exposure to an apoptotic stimulus (O'Reilly 

et al., 2000). Recent studies suggest that Bim is phosphorylated in response to 

several apoptotic stimuli, including growth-factor withdrawal in primary neurons 

(Lei and Davis, 2003; Putcha et al., 2003). 

The stress-activated protein kinases (SAPKs) including JNK and 

p38MAPK are commonly activated in neurons in response to apoptotic stimuli 

(Mielke and Herdegen, 2000; Harper and LoGrasso, 2001). In addition to 

mediating trophic factor withdrawal-induced apoptosis, the JNK signaling 

pathway is a critical mediator of neuronal cell death upon activation of the p7S 

neurotrophin receptor (p7SNTR
) (Friedman, 2000; Harrington et aL, 2002; Roux 

and Barker, 2002). A widely held view is that activation of p7SNTR in the absence 

of stimulation of the Trk family of neurotrophin receptors, constitutes an important 

trigger of apoptosis (Frade et al., 1996; Kaplan and Miller, 2000). p7SNTR is 

thought to play a critical role during development and following pathogenic stimuli 

in the adult brain (Yaar et aL, 1997; Bamji et aL, 1998; Roux et aL, 1999; 

Dechant and Barde, 2002) 

The downstream effector pathways of p7SNTR-activated and JNK-mediated 

neuronal apoptosis remain to be characterized. In contrast to trophic factor 

withdrawal-induced apoptosis, in which JNK-mediated c-Jun-dependent 

transcription plays a critical role, in p7SNTR-induced cell death JNK activation is 

required yet activation of c-Jun appears to be dispensable (Harrington et al., 

2002; Palmada et aL, 2002; Troy et aL, 2002). These findings raise the 
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interesting possibility that p75NTR-activated JNK might directly phosphorylate 

components of the mitochondrial cel! death machinery and thereby induce 

neuronal apoptosis. 

ln this study, we have delineated a novel mechanism by which JNK 

mediates p75NTR-induced neuronal apoptosis. We found that JNK catalyzes the 

phosphorylation of the BH3-only protein BimEL in vitro and in vivo at the distinct 

site of serine 65. The phosphorylation of BimEl at serine 65 promotes the pro­

apoptotic activity of BimEL in primary neurons. Overexpression of p75NTR was 

found to induce JNK-mediated phosphorylation of endogenous BimEL at serine 

65. In addition, we demonstrated that BimEl and JNK-induced phosphorylation of 

BimEL at serine 65 are required for p75NTR-induced apoptosis. Together, these 

findings define the JNK-BimEL signaling pathway as a novel link between death 

receptor activation and the cel! death machinery. 
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Material and Methods 

Plasmids and Reagents 

Full-Iength BimEL cDNA was cloned by RT-PCR from RNA isolated from 

rat cerebellar granule neurons. BimEL cD NA was then subcloned into the 

polylinker of the bacterial GST gene fusion vector pGEX-4 T -3 (Amersham 

Pharmacia Biotech, Piscataway, NJ) and into the polylinker of the mammalian 

expression vector pCDNA3 (Invitrogen, Carlsbad, CA) with an NH2-terminal HA­

tag. Point mutations of Ser-55, Ser-65, Ser-73, Ser-100, and Thr-112 were made 

using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). 

Similarly, the splicing donor site for BimL (T126 to G, without amine acid change), 

and the BH3-domain of BimEL (Leu-150 to Ala and Asp-155 to Ala) were mutated. 

Mutations were verified by sequencing. Activated MKK3 was purchased from 

Stratagene. The activated MEKK1 plasmid has been previously described (Lee 

et aL, 1997). The dominant negative JNK plasmid was kindly provided by Dr. 

Yang Shi (Harvard Medical School, Boston, MA). 

The U6/BS-Bim RNA interference vector was designed as described 

(Gaudilliere et aL, 2002; Sui et aL, 2002). The sense strand of the encoded 

hairpin RNA was designed to specifically target the 20-nucleotide region 

GGTATTTCTCTTTTGACACAG in Bim RNA. The targeted region in Bim RNA 

showed no significant homology with any other gene by BLAST. 

Preparation of recombinant adenovirus expressing green fluorescent 

protein (AdGFP), beta-galactosidase (Ad LAcZ) , full-Iength p75NTR (Adp75NTR
), 

the Flag-tagged JNK-binding domain of JIP1 (AdJBD) have been previously 

described (Roux et aL, 2002). Ali adenoviruses were amplified in 293A cells and 

purified on a sucrose gradient as described (Roux et aL, 2002). Titers are 

expressed as plaque forming units. 
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T 0 generate the phosph065-Bim antibody, a phosphopeptide of the 

sequence CLAPPApSPGPFATR (Tufts Synthesis Facility, Tufts Medical School, 

Boston, MA), was synthesized and coupled to keyhole limpet hemocyanin using 

the Imject Maleimide Activated mcKLH Kit (Pierce, Rockford, IL). The antigen 

was injected into New Zealand White rabbits (Covance Research Products, 

Denver, PA), from which serum was collected approximately every three weeks. 

Serum was affinity-puritied by subsequently passing it on an Immunopure 

immobilized protein A column (Pierce) and an agarose-iodoacetyl column 

(Pierce) to which a synthetic peptide of the sequence CLAPPASPGPFATR (Tufts 

Synthesis Facility) was coupled. The final eluate was desalted and concentrated 

using Amicon Ultra centrifugai tilter devices (Millipore, Bedford, MA). 

Other antibodies used in this study include polyclonal anti-Bim antibody 

(Stressgen, Victoria, BC, Canada, Cat# AAP-330), polyclonal anti-Bim antibody 

(Calbiochem, San Diego, CA, Cat# 202000), monoclonal anti-G ST antibody 

(Santa Cruz, Santa Cruz, CA, Cat# sc-138), polyclonal anti-HA antibody (Santa 

Cruz, Cat# sc-805), polyclonal phospho-JNK antibody (Cell Signaling, Beverly, 

MA, Cat# 9251), polyclonal JNK antibody (Upstate Biotechnology, , Lake Placid, 

NY, Cat# 06-748), polyclonal phospho-p38MAPK antibody (Cell Signaling, Cat# 

9211), polyclonal phospho-c-Jun antibody (Cell Signaling, Cat# 9261), 

monoclonal 14-3-3 beta antibody (Santa Cruz, Cat# sc-1657), monoclonal p42 

MAP kinase antibody (Cell Signaling, Cat# 9107), monoclonal anti-beta­

galactosidase antibody (Promega, Madison, WI, Cat# Z3781), monoclonal anti­

actin antibody (Santa Cruz, Cat# sc-8432), and a polyclonal antibody against 

cleaved caspase-3 (Cell Signaling, Cat# 9661). The p75NTR antibody has been 

previously described (Roux et aL, 1999). Secondary antibodies conjugated to 

horseradish peroxidase or cyanine dye were purchased from Jackson 

Immunoresearch Laboratories (West Grove, PA). 
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The JNK inhibitor Il (SP600125) and the p38MAPK inhibitor (SB203580) 

were purchase from Calbiochem (EMO Biosciences Inc., San Oiego, CA) 

ln Vitro Kinase Assays 

ln vitro kinase assays were done as described in the Upstate 

Biotechnology procedure for the JNK1a1 protein kinase assay. Briefly, JNK1a1 

(Upstate Biotechnology), 5 Jlg of recombinant GST-Bim, 100 JlM ATP, and 5 JlCi 

of [y_32p]ATP in 2 mM MOPS, pH 7.2, 2.5 mM ~-glycerol phosphate, 0.5 mM 

EGTA, 0.1 mM sodium orthovanadate, 0.1 mM OIT, and 15 mM magnesium 

chloride were incubated at 30°C for 1 h. The reactions were stopped by adding 

SOS sample buffer and boiling. Samples were analyzed by 15% SOS-PAGE, 

Coomassie staining, and autoradiography. In the experiments depicted in Fig. 

28, no radiolabeled ATP but 200 JlM ATP was used, and the samples were 

analyzed by SOS-PAGE and immunoblotting. 

Mass Spectrometry 

Following SOS-PAGE and Coomassie staining, the JNK-phosphorylated 

BimEL band was cut from the gel and digested with trypsin in-gel. Peptides were 

separated by nanoscale microcapillary high performance liquid chromatography 

as described (Stemmann et aL, 2001). Eluting peptides were ionized by 

electrospray ionization and analyzed by an LCQ-OECA ion trap mass 

spectrometer as described (Stemmann et aL, 2001). 

Cell Culture, Transfection, and Infection of 293T and PC12 cells 

Human embryonic kidney (HEK) 293T cells (American Type Culture 

Collection, Manassas, VA) were grown in Oulbecco's Modified Eagle's Medium 

(OMEM) (Gibco, Carlsbad, CA) supplemented with 10% fetal calf serum (Gibco), 
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2 mM L-glutamine, and 100 ~g/ml penicillin/streptomycin. Rat 

pheochromocytoma PC12rtta cells were maintained at 37°C in 10% C02 in air in 

DMEM (Hyclone, Logan, UT) supplemented with 6% horse serum (BioWhittaker, 

East Rutherford, NJ), 6% bovine calf serum (BioWhittaker), 1 % glutamine, and 

1 % penicillin/streptomycin. 

Cell lines were plated 18 to 24 h prior to transfection and harvested 24 h 

after transfection. HEK293T transfections were performed by a standard calcium 

phosphate transfection method. PC12rtta ce Ils were transfected using 

Lipofectamine 2000 (Invitrogen) according to the manufacturers protocol. 48 h 

post-transfection, PC12rtta were infected with 100 MOI of adenovirus per weil 

unless otherwise indicated. 

Western Analysis 

Proteins from ce Il extracts were separated by polyacrylamide gel 

electrophoresis (PAGE) and transferred to nitrocellulose membranes 

(Schleicher&Schuell, Keene, NH). Membranes were blocked for 1 h in a Tris­

buffered saline solution (TBS) containing 0.02% to 0.05% Tween (TBST) and 5% 

(w/v) dried skim milk powder. Ali primary antibody incubations were performed in 

TBST supplemented with 5% bovine serum album in (USB) for 1 h at room 

temperature, except for incubations with the phospho-BimS65 antibody, which 

were done in blocking solution overnight at 4°C. Antibody binding was detected 

by enhanced chemiluminescence (ECL, Perkin Elmer Life Sciences, Boston, MA) 

using a secondary antibody conjugated to horseradish peroxidase (dilution: 

1 :20,000). 

Survival Assays in Cerebellar Granule Neurons 
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Cerebellar granule cells were prepared as described (D'Mello et aL, 1993; 

Shalizi et aL, 2003) and transfected using a calcium phosphate transfection 

method. For the experiments depicted in Fig. 4, cultures from postnatal day 6 

that were in culture for 8 days were transfected with Bim wildtype or mutant DNA 

(0.1 J,lg/well) or the control vector pCDNA3 (0.1 J,lg/well), together with a plasmid 

encoding p-galactosidase (0.25 J,lg/well) and a carrier plasmid (2 J,lg/well pECE) 

in a 24-well plate. The calcium phosphate precipitate was placed on granule 

neurons that had been starved for 1 hr in DMEM for 20 min, and cultures were 

subsequently returned to conditioned medium (basal medium Eagle (BME) 

(Gibco) supplemented with 10% calf serum (Hyclone) and 30 mM KCI). After 

overnight incubation with conditioned medium, cultures were deprived of 

conditioned medium and left in BME in the presence or absence of insulin (10 

J,lg/ml) for 8 h. Cultures were fixed with 4% paraformaldehyde (PFA) in PBS and 

subjected to indirect immunofluorescence using an antibody to beta­

galactosidase (dilution 1 :500). Cell survival and death were assessed in beta­

galactosidase-expressing neurons based on the integrity of neurites and the 

morphology of the nucleus as determined using the DNA dye bisBenzimide 

Hoechst 33258 trihydrochloride (Sigma, Saint Louis, MO). Cell counts were 

done in a blinded manner (n=100 cells/condition) and analyzed for statistical 

significance by ANOVA (Fisher's Protected Least Significance Difference). 

Caspase-3 Activation Assay in PC12 cells 

PC12rtta cells were transfected with the indicated plasmids encoding 

either GFP, pU6/BS control vector, pU6/BS-Bim RNA interference plasmid, 

pU6/BS-Cdk2 RNA interference plasmid, pCDNA3 control vector, Bim wildtype 

BH3-domain mutant plasmid, or Bim S65A BH3-domain mutant plasmid. 48 h 

after transfection, cells were infected with either AdLacZ or with Adp75NTR and 
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fixed 24 h later with 4% PFA in PBS. GFP-positive cells were scored for the 

presence of cleaved caspase-3 by indirect immunocytochemistry using an 

antibody against cleaved caspase-3 (dilution 1 :1000). Transfected cells were 

scored by a blind observer (n=150 cells/condition) and the composite data were 

analyzed for statistical significance by ANOVA (Tukey's Honestly Significant 

Difference). 
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Results 

JNK Phosphorylates BimEL at Serine 65 in Vitro 

We first investigated whether JNK might directly regulate the BH3-only 

protein BimEL. BimEL contains six putative proline-directed sites for JNK­

mediated phosphorylation (Fig. 1A). Using an in vitro kinase assay, we found 

that recombinant JNK robustly catalyzed the phosphorylation of a recombinant 

GST-BimEL fusion protein (Fig. 1B). To determine which putative phosphorylation 

sites are targeted by JNK, we subjected recombinant GST-BimEL that was 

phosphorylated by JNK to tandem mass spectrometry (Le-MS/MS). Tryptic 

peptides were identified that matched with the entire BimEL sequence. 

Phosphate-containing peptides were identified by a differential mass of +80 Da 

relative to the theoretical mass of unphosphorylated peptides. Analysis of the 

peptides revealed that JNK phosphorylated BimEL at ail six putative 

phosphorylation sites. As an example, the MS/MS spectrum of a 

phosphopeptide containing phospho-serine 55 and phospho-serine 65 is shown 

(Fig. 1 C). 

To identify the major sites of JNK-induced phosphorylation among the six 

sites that were identified by mass spectrometry, we generated BimEL mutants in 

which the phosphorylation sites at serine 55, serine 65, and threonine 112 were 

replaced with alanine, and subjected the recombinant BimEL mutant proteins to 

an in vitro kinase reaction. We found that although ail three BimEL mutants were 

phosphorylated by JNK, the phosphorylation was dramatically diminished in the 

BimELS65A mutant and to a lesser degree in the other mutants (Fig. 2A), 

suggesting that serine 65 is the predominant site that is phosphorylated by JNK 

in vitro. 

To establish that JNK phosphorylates BimEL at serine 65, we raised a 

phosphospecific antibody to recognize BimEL only when it is phosphorylated at 
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serine 65 (phosph065-Bim antibody). Recombinant BimEL was phosphorylated in 

vitro by JNK and then immunoblotted with the phosph065-Bim antibody or an 

antibody that recognizes Bim regardless of its phosphorylation state. We found 

that JNK robustly phosphorylated BimEL at serine 65 (Fig. 2B). The phosph065-

Bim reactivity was specific, as it failed to recognize the BimEL865A mutant that 

was incubated with JNK (Fig. 2B). Taken together, our results indicate that JNK 

phosphorylates Bim specifically at serine 65 in vitro. 

Stress-activated Protein Kinases Phosphorylate Bim at Serine 65 in Vivo 

We next determined if activation of the JNK signaling pathway induces the 

phosphorylation of BimEL at serine 65 within cells. We expressed in HEK293T 

cells either wildtype BimEL or BimEL mutants in which the in vitro sites of JNK­

induced phosphorylation were replaced with alanine in the presence or absence 

of an expression plasmid encoding a truncated and constitutive active form of the 

kinase MEKK1 (MEKK1~). MEKK1 is the prototypical mitogen-activated protein 

kinase (MAPK) that activates the JNK signaling pathway. Extracts from 

transfected HEK293T cells were prepared and subjected to immunoblotting using 

an anti-Bim antibody. 

The expression of activated MEKK1 together with BimEL in HEK293T cells 

resulted in the retardation of the electrophoretic mobility of BimEL (Fig. 3A). The 

electrophoretic mobility shift of BimEL reflected BimEL phosphorylation, since the 

shift completely collapsed upon treatment of the cell Iysates with alkaline 

phosphatase (data not shown). Compared to wildtype BimEL the phosphorylation 

mutants BimEL855A and BimEL865A displayed reduced electrophoretic mobility 

shifts, and the shift was completely absent in the BimEL855/65A mutant. In 

contrast to the 855/65A mutation, mutation of each of the other three in vitro sites 

of JNK-induced phosphorylation 873, 8100, or T112 modestly reduced the 
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electrophoretic mobility shift of BimEL (Fig. 3A). Immunoblotting of Iysates of 

HEK293T ceUs in which BimEL was expressed together with MEKK1~ using the 

phosph065-Bim antibody revealed that activated MEKK1 robustly induced the 

phosphorylation of BimEL at serine 65 (Fig. 38). Together, these results indicate 

that activation of the MEKK1-induced SAPK signaling pathways in vivo induces 

the phosphorylation of BimEL at serine 65. 

MEKK1 has been previously shown to induce protein kinase cascades 

that culminate in the activation of the stress-activated MAPKs JNK and 

p38MAPK (Harper and LoGrasso, 2001). In HEK293T ceUs, activated MEKK1 

did induce the phosphorylation of both JNK and p38MAPK at sites that reflect 

their activation as determined by immunoblotting of HEK293T extracts using 

antibodies that recognize the phosphorylated forms of JNK and p38MAPK 

specificaUy (Fig. 38). The expression of a constitutive active form of JNK also 

stimulated the phosphorylation of BimEL at serine 65, although to a lesser degree 

than MEKK1 (data not shown), suggesting that both JNK and p38MAPK might 

phosphorylate BimEL downstream of MEKK1. In other experiments, the 

expression of a constitutive active form of the p38MAPK activator MKK3 together 

with p38MAPK and BimEL in HEK293T ceUs strongly induced the phosphorylation 

of BimEL at serine 65 (Fig. 38). Interestingly, the expression of MKK3 activated 

both p38MAPK and JNK in HEK293T ceUs (Fig. 38), consistent with the 

conclusion that both of these kinases might contribute to the phosphorylation of 

BimEL at serine 65. In agreement with this interpretation, we found that the 

pharmacological inhibitors S8203580 (5 IJM) and SP600125 (10 IJM), which 

inhibit respectively p38MAPK and JNK, each partially reduced the MEKK1-

mediated phosphorylation of BimEL at serine 65 (data not shown). 

Recently, BimEL has been suggested to be the target of the ERK1/2 

signaling pathway (Ley et aL, 2003). However, the expression of a constitutive 
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active form of the ERK1/2 activator MEK1 together with BimEL had little effect on 

the phosphorylation of BimEL at serine 65 (Fig. 3B). Together, these data 

suggest that among the MAPKs, the SAPKs JNK and p38MAPK may selectively 

induce the phosphorylation of BimEL at serine 65. 

To determine if activation of the SAPK signaling pathways induces the 

phosphorylation of endogenous BimEL in vivo, we tested whether exposure of 

cells to hyperosmotic stress, a stimulus known to activate SAPK signaling 

pathways, triggers the phosphorylation of BimEL at serine 65. We found that 

exposure of HEK293T cells to high concentrations of the hyperosmotic stimulus 

sorbitol induced the phosphorylation of endogenous BimEL at serine 65 (Fig. 3e). 

Inhibition of JNK and p38MAPK activity by the inhibitors SP600125 and 

SB203580 partially reduced the sorbitol-mediated phosphorylation of BimEL at 

serine 65 (Fig. 3D). The activity of the JNK inhibitor was confirmed by the 

observation that it effectively reduced sorbitol-induced phosphorylation of the 

transcription factor c-Jun (Fig. 3D). Together, these results suggest that 

endogenous SAPKs mediate the phosphorylation of endogenous BimEL at serine 

65 in vivo following osmotic stress. 

JNK-Induced Phosphorylation of BimEL at Serine 65 Activates the Apoptotic 

Function of BimEL 

To determine the biological effect of the JNK-induced phosphorylation of 

BimEL on the function of Bim, we expressed in primary cerebellar granule 

neurons BimEL or BimEL mutants in which the JNK sites of phosphorylation were 

mutated. After transfection, granule neurons were deprived of extracellular 

survival factors to provide a stimulus that activates the JNK signaling pathway in 

neurons (Coffey et aL, 2002). The expression of BimEL robustly induced 

apoptosis of survival factor-deprived cerebellar granule neurons (Fig. 4A). We 
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found that a dominant interfering form of JNK (JNK ON), when co-expressed with 

BimEL, significantly reduced BimEL -induced apoptosis in survival factor-deprived 

granule neurons, suggesting that the JNK signaling pathway stimulates the 

apoptotic function of BimEL in these neurons. Since the in vitro (Fig. 2A) and in 

vivo evidence (Fig. 3A) suggested that serines 55 and 65 might represent key 

sites of JNK-mediated phosphorylation, we first tested the effect of the double 

S55/65A mutation on BimEL-induced apoptosis. We found that expression of the 

BimELS55/65A mutant induced significantly less neuronal apoptosis than 

expression of BimEL (Fig 4A), suggesting that JNK-induced phosphorylation of 

BimEL at these sites might promote BimEL -dependent apoptosis. 

We next set out to determine the relative contribution of each of the two 

phosphorylation sites, serine 55 and 65, in BimEL-mediated neuronal apoptosis. 

ln our initial experiments, the effect of these phosphorylation site mutants on 

neuronal apoptosis was somewhat variable. Remarkably, the BimEL cONA 

contains internai splicing donor and acceptor sites such that the BimEL cONA may 

lead to the generation of both BimEL and BimL mRNA (Shinjyo et al., 2001). 

According to Shinjyo et al., cells transfected with BimEL cONA may produce both 

BimEL and BimL proteins (Shinjyo et al., 2001). BimL, a potent inducer of 

apoptosis, does not contain the JNK phosphorylation sites serines 55 and 65 and 

is not subject to the post-translational regulation at these sites. We therefore 

reasoned that in the survival assays in granule neurons, the potential expression 

of BimL encoded by BimEL cONA might mask the regulatory effect of serines 55 

and 65 on BimEL-induced neuronal cell death. Therefore, prior to further testing 

of the functional consequences of BimEL phosphorylation, we first addressed the 

concern that the unusual splicing of BimEL cDNA might interfere with the 

interpretation of the survival assays. To circumvent the potential expression of 
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BimL encoded by BimEL cDNA, we mutated the splice donor site in the BimEL 

expression plasmids and used these cDNAs for ail subsequent survival assays. 

The expression of BimEL encoded by the non-spliceable BimEL cDNA 

strongly induced apoptosis in survival factor-deprived granule neurons (Fig. 

48, C). Using non-spliceable BimEL cDNAs, we found surprisingly that the BimEL 

mutant in which serine 55 was replaced with an alanine (BimELS55A) induced 

apoptosis in neurons as effectively as BimEL (Fig. 48). By contrast, the non­

spliceable BimEL S65A mutant (BimELS65A) strikingly reduced neuronal 

apoptosis to levels that were similar to those in control vector-transfected 

neurons (Fig. 48). In other experiments we found that replacement of ail five 

potential JNK phosphorylation sites by alanine reduced the apoptotic effect of 

BimEL but not more effectively than the single S65A mutation (Fig. 48 and data 

not shown). Taken together, our findings suggest that JNK-induced 

phosphorylation of BimEL at serine 65 promotes the pro-apoptotic activity of BimEL 

in primary cerebellar granule neurons. 

To begin to characterize how the phosphorylation at serine 65 promotes 

BimEL -dependent apoptosis, we expressed a BimEL mutant in which serine 65 

was replaced with aspartate to mimic phosphorylation at this site (BimELS65D). 

We found that BimELS65D robustly induced apoptosis in survival factor-deprived 

neurons (Fig. 48). Under the se conditions, the apoptotic effect of BimELS65D 

was slightly greater than that of BimEL, but the difference did not reach statistical 

significance. While BimEL-mediated apoptosis was inhibited by the expression of 

JNK ON (Fig. 4A), we found that co-expression of JNK ON had little effect on 

BimELS650-induced cell death (data not shown). These results are consistent 

with the interpretation that the phosphorylation of BimEL at serine 65 acts 

downstream of JNK in promoting neuronal apoptosis. 
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We next asked if phosphorylation of BimEL at serine 65 might have an 

effect on the apoptotic effect of BimEL under survival conditions. We found that 

activation of the IGF-I receptor and its downstream survival pathways by high 

doses of insu lin (Dudek et aL, 1997) significantly reduced BimEL-induced 

apoptosis (Fig. 4C). However, insulin failed to inhibit the apoptotic effect of 

BimELS65D (Fig. 4C). These results raise the possibility that the phosphorylation 

at serine 65 might promote BimEL's apoptotic function by opposing survival factor 

inhibition of BimEL-mediated apoptosis. 

The JNK-BimEL Signaling Pathway in p75NTR-induced Apoptosis 

Having identified the JNK-induced phosphorylation of BimEL at serine 65 

as a mechanism for JNK to directly activate the cell death machinery, we next 

investigated if the JNK-BimEL signaling pathway is a critical mediator of specifie 

stimuli known to induce apoptosis in the nervous system. Recent studies 

suggest that JNK triggers neuronal apoptosis upon activation of the neurotrophin 

receptor p75 (p75NTR
) via a c-Jun-independent mechanism (Palmada et aL, 

2002; Bhakar et aL, 2003). These observations suggest that p75NTR might 

directly activate the cell death machinery via the JNK-BimEL signaling pathway. 

To characterize the potential role of the JNK-BimEL signaling pathway in 

p75NTR-mediated apoptosis, we employed a well-established paradigm of 

overexpression of full-Iength p75NTR to trigger p75NTR-dependent cell death (Roux 

et aL, 2001; Wang et aL, 2001; Bhakar et aL, 2003). We infected PC12 cells with 

adenovirus encoding full-Iength p75NTR or control LacZ protein and 

immunoblotted the PC12 cell extracts with the phosph065-Bim antibody or an 

anti-Bim antibody that recognizes BimEL regardless of its phosphorylation state. 

Expression of p75NTR induced the phosphorylation of BimEL at serine 65 (Fig. 5A). 

To determine if p75NTR-induced phosphorylation of BimEL at serine 65 is 
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dependent on JNK activation, we coexpressed with p75 the JNK binding domain 

(JBD) of the scaffold protein JIP that functions as a dominant negative inhibitor of 

JNK signaling (Harding et aL, 2001). The expression of JBD blocked p75NTR
_ 

induction of JNK activity and cell death (Bhakar et aL, 2003) (data not shown). 

We found that JBD expression also blocked the p75NTR-induced phosphorylation 

of BimEL at serine 65 (Fig. 5A). Together, these results suggest that JNK 

mediates p75NTR-induced phosphorylation of BimEL at serine 65. 

To investigate if BimEL mediates p75NTR-induced apoptosis, we employed 

a DNA template-based method of RNA interference (RNAi) to reduce the levels 

of endogenous BimEL in PC12 cells. Expression of Bim hairpin RNA but not the 

control RNAi plasmid or the expression of hairpin RNA to the unrelated protein 

Cdk2 significantly reduced endogenous BimEL protein levels as determined in 

transfection experiments in PC12 cells (Fig. 58). To determine the effect of 

BimEL knockdown on p75NTR-induced apoptosis, we transfected PC12 cells with 

GFP alone or GFP together with the distinct RNAi plasmids and then infected 

these cells with the p75NTR or control adenovirus. We found that the genetic 

knockdown of BimEL significantly reduced the p75NTR-induced apoptosis of PC12 

cells as assayed by measuring the cleavage of caspase-3 (Fig. 5C). Together, 

these data suggest that BimEL plays a crucial role in p75NTR-induced cell death. 

To test directly if the phosphorylation of BimEL at serine 65 mediates 

p75NTR-induced cell death, we tested if a mutant allele of BimEL in which serine 

65 was replaced by an alanine acts in a dominant negative manner to inhibit the 

p75NTR-mediated apoptotic response. Since BimEL is a potent inducer of cel! 

death, we replaced serine 65 with alanine in the context of a full length BimEL in 

which the BH3-domain was also mutated. Overexpression of BimEL harboring 

two BH3-domain mutations but that was otherwise wildtype including an intact 

serine 65 failed to alter the ability of p75NTR to induce cell death (Figure 5C). By 
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contrast, the expression of BimEL containing both the BH3-domain mutations and 

the S65A mutation remarkably inhibited p7SNTR-induced cell death (Figure 5C). 

These results suggest that the non-phosphorylatable BimEL protein acts in a 

dominant negative manner to inhibit p75NTR-induced cell death. Taken together 

with the BimEL knockdown results, our findings support the conclusion that JNK­

induced phosphorylation of BimEL at serine 65 mediates p75NTR-induced cell 

death. 
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Discussion 

ln this study, we have defined a nover mechanism by which activation of 

JNK by several distinct stimuli, including activated p75NTR
, mediates the 

phosphorylation and activation of the BH3-only protein BimEL. The JNK-induced 

phosphorylation of BimEL at the distinct site of serine 65 promoted the apoptotic 

function of BimEL in primary neurons. The genetic knockdown of BimEL by RNA 

interference or the expression of a dominant interfering form of BimEL in which 

serine 65 was replaced by an alanine significantly inhibited apoptosis induced by 

p75NTR overexpression. Together, our findings suggest that JNK-induced 

phosphorylation and activation of BimEL mediates p75NTR-induced cell death. 

Activation of JNK has long been implicated in neuronal apoptosis (Mielke 

and Herdegen, 2000; Harper and LoGrasso, 2001). JNK is thought to induce 

neuronal apoptosis via transcription-dependent and -inde pendent mechanisms. 

JNK-induced phosphorylation and activation of the transcription factor c-Jun that 

in turn mediates the expression of pro-apoptotic proteins has been extensively 

characterized (Ham et aL, 2000). Accumulating evidence suggests that in 

addition to transcription-dependent mechanisms, JNK also directly activates the 

cell death machinery (Tournier et aL, 2000; Lei et aL, 2002). However, the 

connections between JNK and the cell death machinery remain to be elucidated. 

Our results in this study suggest that JNK phosphorylation of BimEL at serine 65 

promotes BimEL-mediated apoptosis. We have shown previously that JNK 

phosphorylates and thereby activates the BH3-only protein Bad (Donovan et al., 

2002). Together, our findings suggest that BH3-only proteins are critical targets 

of JNK, whose phosphorylation directly activates the apoptotic machinery. 

The mechanism by which JNK-mediated phosphorylation leads to the 

activation of BimEL remains to be characterized. In non-neuronal ceUs, Bim has 

been shown to be bound to dynein light chain (DLC1) and thereby sequestered 
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to the cytoskeleton (Puthalakath et aL, 1999). Apoptotic stimuli are thus believed 

to cause the disruption of the Bim-OLC1 complex thereby allowing Bim to 

function at the mitochondria. UV-activated JNK catalyzes the phosphorylation of 

exogenous BimL at threonine 56, which lies within the DLC1-binding motif, 

thereby releasing Bim from OLC1 (Lei and Davis, 2003). However, a role for 

DLC1 in regulation of BimEL function in neuronal cells remains unclear. The 

primary site of BimEL localization in neurons appears to be the mitochondria, and 

the JNK-induced phosphorylation of BimEL has not been shown to alter BimEL 

localization (Putcha et aL, 2003)(EBE Becker and A Bonni, data not shown). 

Together, these data suggest that JNK activates BimEL in neuronal cells by a 

mechanism other than the release of BimEL from the cytoskeleton. Current 

investigations are underway to characterize the mechanism by which the 

phosphorylation of BimEL at serine 65 promotes the apoptotic function of BimEL. 

ln our studies of regulation of Bad, we found that JNK-induced 

phosphorylation of Bad at serine 128 opposes Akt-inhibition of Bad-mediated 

apoptosis (Donovan et aL, 2002; Konishi et aL, 2002). In an analogous manner, 

our results obtained in survival assays performed in primary neurons support the 

hypothesis that JNK-induced phosphorylation of BimEL at serine 65 promotes the 

apoptotic function of BimEL in neurons in part by opposing Akt-promoted cell 

survival. Insulin, a survival signal that robustly induces Akt (Dudek et aL, 1997), 

blocked wildtype BimEL- but not BimELS65D-mediated cell death in granule 

neurons (Fig. 48), suggesting that JNK-induced phosphorylation of BimEL at 

serine 65 counteracts Akt-mediated neuronal survival. The mechanisms 

underlying the antagonism of Akt and the JNK-BimEL signaling pathway remain to 

be characterized. Akt has been reported to inhibit the activation of JNK in 

neurons by interacting with JIP1 (Kim et aL, 2002), raising the possibility that Akt 

might inhibit JNK-induced phosphorylation of BimEL at serine 65. An alternative 
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interpretation of our results is that the serine 65 phosphorylation might counteract 

the ability of an insulin-induced survival signal to directly inhibit BimEL-induced 

apoptosis. 

Although we focus in this study on the phosphorylation of BimEL by JNK, 

the p38MAPK signaling pathway might also play a role in phosphorylating BimEL 

at serine 65. Similar to JNK, p38MAPK has been reported to be involved in a 

number of neuronal cell death paradigms including growth factor withdrawal and 

exposure to glutamate (Mielke and Herdegen, 2000; Harper and LoGrasso, 

2001). It will be interesting to determine whether the JNK and p38MAPK 

signaling pathways have overlapping functions in phosphorylating BimEL at serine 

65 under the same apoptotic conditions, or whether distinct stimuli activate these 

signaling pathways to differentially to induce the phosphorylation of BimEL. 

One cell death trigger that is specifically associated with the activation of 

JNK is activation of the neurotrophin receptor p75NTR (Harrington et al., 2002). In 

contrast to other extrinsic cell death receptor pathways, p75NTR activation does 

not induce caspase-8 and subsequent cleavage of Bid, but p75NTR has been 

suggested to directly activate the cell-intrinsic apoptotic machinery at the 

mitochondria (Roux and Barker, 2002). In this study, we show that 

overexpression of p75NTR induces the JNK-mediated phosphorylation of BimEL at 

serine 65 and thereby triggers apoptosis. We have recently found that the 

p75NTR_JNK pathway also stimulates the phosphorylation of Bad at serine 128 

and thus activates Bad-mediated apoptosis (Bhakar et al., 2003). Therefore, we 

propose that one mechanism by which activation of p75NTR leads to apoptosis is 

the JNK-mediated direct phosphorylation of BH3-only proteins. Consistent with 

our results, Putcha et al. found in the course of our studies that BimEL is 

phosphorylated downstream of the JNK signaling pathway in neurons (Putcha et 

aL, 2003). However, while Putcha et al. focus on the phosphorylation of BimEL 
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following trophic factor withdrawal, we here provide evidence that BimEL is 

phosphorylated upon activation of p75NTR
, thereby linking this cell-death receptor 

pathway directly to the cell-intrinsic apoptotic machinery. 

p75NTR has been implicated in several neuropathological conditions 

including focal ischemia, stroke, axotomy, and neurodegenerative disorders 

(Dechant and Barde, 2002). It will be interesting to determine whether the JNK­

induced phosphorylation of BimEL at serine 65 contributes to neuronal cell loss 

under these neuropathological conditions. 
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Figure legends 

Fig 1. JNK phosphorylates BimEL in vitro. (A) The structure of BimEL is shown 

schematically. The location of the six putative proline-directed phosphorylation 

sites, the dyne in binding motif (OBM), the BH3-only domain, and the hydrophobie 

domain (~) are indicated. (B) Recombinant GST-BimEL was incubated with 

recombinant JNK1a1 and subjected to an in vitro kinase assay using [y_32p]ATP. 

Phosphorylated GST-BimEL was separated by SOS-PAGE, stained with 

Coomassie Blue (Iower panel), and analyzed by autoradiography (upper panel). 

Degradation products of bacterially expressed GST -BimEL are indicated with an 

asterisk (*). (C) Representative tandem mass spectrum of one of the 

phosphopeptides (amino acids 51-71) derived from JNK-phosphorylated GST­

BimEL. Fragment ions in the spectrum were sequenced from both the N- and C­

termini (b- and y-type ions). Both serine 55 and serine 65 show additional mass 

from a phosphate residue. 

Fig. 2. JNK phosphorylates BimEL at the distinct site of serine 65 in vitro. (A) 

Recombinant GST -BimEL (BimEL) and recombinant BimEL phosphorylation 

mutants GST-BimELS55A (55A), GST-BimELS65A (65A), and GST-BimELT112A 

(112A) were incubated with no kinase or recombinant JNK1a1 and subjected to 

an in vitro kinase assay using [y-32p]A TP. Phosphorylated substrates were 

separated by SOS-PAGE, stained with Coomassie Blue (Iower panel), and 

analyzed by autoradiography (upper panel). Degradation products of bacterially 

expressed GST-BimEL are indicated with an asterisk (*). (B) Recombinant GST, 

GST-BimEL (BimEd and GST-BimELS65A (65A) were subjected to an in vitro 

kinase assay with recombinant JNK1a1. Phosphorylated substrates were 

separated by SOS-PAGE and immunoblotted with the phosph065-Bim, Bim, or 
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GST antibody. Degradation products of bacterially expressed proteins are 

marked with an asterisk (*). 

Fig. 3. JNK phosphorylates BimEL in vivo. (A) HEK293T cells were transfected 

with 1 Ilg of wildtype BimEL (BimEL) or the BimEL phosphorylation mutants 

BimELS55A (55A), BimELS65A (65A), BimELS73A (73A), BimELS100A (100A), 

BimELT112A (112A) alone or together with 0.5 Ilg activated MEKK1 (MEKK1~). 

The electrophoretic mobility of the BimEL proteins was assessed by SOS-PAGE 

and immunoblotting with the HA antibody. (B) HEK293T cells were transfected 

with 1 Ilg of wildtype BimEL or vector control alone or together with 0.5 Ilg 

activated MEKK1 (MEKK1~), p38MAPKand activated MKK3, oractivated MEK1. 

Lysates of transfected cells were immunoblotted with the phospho65-Bim, Bim, 

phospho-JNK (P-JNK), or phospho-p38MAPK (P-p38MAPK) antibody. Untagged 

BimEL is indicated with an asterisk. (C) HEK293T cells were treated with sorbitol 

(500 mM) for 3 h. Lysates of cells were immunoblotted with the phospho65-Bim, 

Bim, phospho-JNK (P-JNK), or phospho-p38MAPK (P-p38MAPK) antibody. (0) 

HEK293T cells were treated with sorbitol (500 mM) for 3 h in the presence of 

vehicle or the p38MAPK and JNK inhibitors SB203580 (5 IJM) and SP600125 (10 

IJM), respectively. Lysates of cells were immunoblotted with the phospho65-Bim, 

Bim, phospho-c-Jun (P-c-Jun), phospho-JNK (P-JNK), JNK, phospho-p38MAPK 

(P-p38MAPK), or 14-3-3 antibody. Aspecific bands recognized by the 

phospho65-Bim antibody are indicated with an asterisk. 

Fig. 4. Phosphorylation of BimEL at serine 65 promotes BimEL-mediated 

apoptosis. (A) Cerebellar granule neurons were transfected with control vector 

(V), BimEL, or BimELS55/65A (55/65A) and beta-galactosidase (Ieft panel) or with 

control vector (V) or a dominant interfering form of JNK (JNK ON) together with 
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BimEL and beta-galactosidase (right panel). One day after transfection, cultures 

were switched fram full medium to basal medium in the absence of survival 

factors. Cells were fixed after 8 h and subjected to indirect immunofluorescence. 

Percent apoptosis is represented as mean ±. S.E. The expression of 

BimELS55/65A induced significantly less apoptosis than BimEL (n=3; ANOVA; 

p<0.0005). Expression of JNK ON significantly reduced BimEL-induced apoptosis 

(n=3; ANOVA; p<0.005). (B) Cerebellar granule neurans were transfected with 

plasmids encoding non-spliceable cONAs of BimEL, BimELS55A (55A), 

BimELS65A (65A), BimELS650 (650), or control vector (V) and beta­

galactosidase. Cultures were treated as described above and analyzed by 

indirect immunofluorescence. The expression of BimELS65A induced significantly 

less apoptosis than BimEL and BimELS650 (mean ±. S.E.; n=4; ANOVA; p<0.01 

and p<0.0005). The expression of BimELS55A did not reduce the apoptotic effect 

compared to wildtype BimEL (mean ±. S.E.; n=6; ANOVA; p=O.4). (C) Cerebellar 

granule neurons were transfected with plasmids encoding non-spliceable cONAs 

of wildtype BimEL, BimELS650 (650), or control vector (V) and beta­

galactosidase. One day after transfection, cultures were switched fram full 

medium to basal medium in the presence (Ins) or absence ( - ) of insulin (10 

Ilg/ml) to activate the IGF-I receptor. Ce Ils were fixed after 8 h and subjected to 

indirect immunofluorescence. Activation of the IGF-I receptor reduced Bim­

mediated apoptosis (mean ±. S.E.; n=4; ANOVA; p<0.0001), but had little effect 

on BimELS650-induced apoptosis (p>0.04). 

Fig. 5. p75NTR-induced apoptosis activates the JNK-dependent phosphorylation 

of BimEL and is dependent on BimEL. (A) PC12 cells were infected with p75NTR or 

control adenovirus (LacZ) together with either 5 or 15 MOI of JBO-JIP (J) or 

control (L) adenovirus. Lysates were immunoblotted with phosph065-Bim or Bim 
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antibody. Aspecific bands recognized by the phosph065-Bim antibody are 

indicated with an asterisk. (B) Lysates of PC12 cells transfected with increasing 

amounts of control vector (U6), BimEL RNA interference plasmid (Sim RNAi), or 

control RNAi plasmid (Cdk2 RNAi) were immunoblotted with the Sim (upper 

panel), p42 MAP kinase (Erk1/2, middle panel), or actin antibody (Iower panel). 

(C) PC12rtta cells were transfected with the indicated plasmids and subsequently 

infected with p75NTR (p75) or control adenovirus (LacZ). 24 h post-infection, cells 

were fixed and immunostained for cleaved caspase-3. '**' indicates a difference 

of p<0.001 between p75NTR-infected, pCDNA3-transfected cells (bar 8) and mock 

or LacZ-infected cells (bars 1-7), and p75NTR-infected, U6-transfected cells (bar 

11) and Sim RNAi-transfected cells (bar 12). '*' indicates a difference of p<0.05 

between p75NTR-infected, pCDNA3-transfected cells (bar 8) and SimELS65A­

transfected cells (bar 10), as determined by ANOVA. 
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Figure 2 
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Figure 3 
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Figure 4 
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New Application. 

5 dl List 1he sedien I·subsectioo numben wbere sipificant daanges bave been lWIde 

NIA 

Se) KEYWORDS: Using kenvords OUIy.list the procedures used on ilnimals (e.g. anaestbesia, lmeding tolony~ 
injedioa IP, lavage, drug administration, major survival slll"lft'Y, ~tbanasia by euanguinatioo, bebaviouraI studies). 
For ft .... re tomplete list of sugestedkeywonls mer tG AppeadU l of the GuideJines (1IWW.mcgiII.alrgoIanimaI ). 

anesthesia. anaIegics. tissue dissecton, neuronal primaty cultures., transgenic mice, mouse breeding, genotyping, eutbanization, 
polyclonal antibodies, exsaoguinations, eutbanization 

·6. Animais Use data for CCAC 

6 a) Purpose of Animal Use (Cbetk one): 
1. ~ Studies 0' ft f'andamea.taI natuftlbasit rese8ftb 
2. 0 Studia for m.edital purposes relatinc to bumanfanimal diseasesldisonlen 
3. 0 Rqulato.,- testinc 
,4, 0 DeveIopmeat of produdslapplianœs for bumanlveterina.,- medicine 
5. Iffor Teadainl, use the Animal Use Prototol fOlm for Teadùn& (www.mtgill.talrgolanimal) 

6 b) wm raeld studia be conduded? NO 181 YES 0 Ifyes, complete "Field Study Fonn" 
WiD 1be projett imroM the generation of ~ aItered animais? NO 0 YES I8Ilfyes, complete SOP #5 
WiU the projett involve breediog animais? NOO YES 181 If breeding transgenics/knockouts, complete SOP ##4 

7. Animal Data 

7 a) PJeue justifY Che i1Céd for live animais YeI"SIIS alœ.maœ meChods (e.g. tissue culture, œmputer simnlation) 
It is crucialthat wc understand the functjon of signaling receptors such as p75NfR in their native cellular context as weil as 

during neuronal injwy states such as chemically-induced seizures or peripheral nerve transsections. "'hile we ",iD rue 
continuous, established ceU lines for much of the work described in my grant, we must validate the results ofthese studies using 
prÎmaly neurons, either in cuIture (ie. derived direcIly from either rat or mice embryos) or in situ (within transgenic animaIs). 

1 b) Destribe tbedaai'lldleriatiCSofthe animal spedes ~~justifies iu use in theprop0se4 study (consider 
c:baraderistics suth· u '""" Iize, spedes, strâ, data from previous studies or unique. anatomk:lpliysiolo&iell f'eatares) 

Mice are the model species around which JOOSt animal transgenic technology bas been developed, because of1hcir breeding 
capacity, the extensive geoetic information already available and their relatively low cost We have experience in transgenic mice 
from our previous studies and have developed injwy models in that past in order to study the in vivo signaling mechansims of the 
p75 NTR. Although rats will be used to derive primaty neurons because of the ability ofthese primary neuronal cuItures to 
survive more readiIy in culture tban those derived from othee species, in certain cases dwing our experimentation, we cao only 
use primary neurons derived from our traDsgenic animais. Rabbits are dIe preferred species for small scale antibody production, 
given their blood volwne. 
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7 d) ~OIl.f Animal Usage: BASE» ON nu: EXPERIMENTAL OBJECTIVES OF THE PROJECT, 
demibe Ille oumber of a.lI. required for one year.lDdode information on experimenUllild control anaps, # per 
croup, ad failure rates. For breedfng, spedfy bow mauy adulas are used, nomber of of&pring produ~ and how maay 
oft'spring are usedin uperimeoUl procedures. Use dae tôle below wbeD applicable. The J!!'Ït!!n!Nic qplllining bow die 
ta.., of !l!im!1! for eadI COhnnn in dae table aboye is takulated sbgahl be made dear. SptIce will exptIII4 .. ..w 

1) To maintain as assured supply of pregnant animais of dle correct genotype and to generate cultures of primary neurons and 
fibroblasts from transgenic mice, we will maintain 25 animais per colony. With aging, maintaining colonies of tbis size will 
require 50 animais per year for each mouse colony described above. 
2) We expect to raise a total of5 polyclonal antibodies on tbis protocol. We use 2 rabbits per antigen hence a total of 10 
animalslyear. 
3) We produce one culture per week form embryonic rat tissue. We will therefore require 1 timed pregnant female each week to 
produce these cultures, a total of 50 rats per year. Pilocarpine-induced seizure experiments will involve 25 rats per experiment. 
We expect t9 do 4 experiments peryear for a total of 100 rats peryear (Grand total = 50 + 100 = 150Iyear). 

74 1Ilb1e) Tû folluwiRg Iilble IIUIY 11$]'0" exp/IIÜI lM tllÛlllllllUIIfIben Iist«Iln Ille 7c tIlble: 
(TiIhle wiU apantl Q.J lIMtMd) Spi ..... 1 Splstraiol Splstraio3 Splstraio4 SpllltniJl5 Spldrain6 

T~ ...... or procedures 

# of .nbnals per group 

Dos8&e 1 nnte of administration 

# or eodpoillfs 

0Cher nriabIes (se:X,geDotypes ••• ) 

ToUl olUlllJer of animais per JI!8&" 

8. AIIimai BlI8bandryand Care 
8 a) ·Ifprojeds iowlveaooo-standani caces. diet and/or hand1ing, please spedfy 

NA 

8 b) Is tbere aoy COJlIpooeot to dae proposed procedures wbitb will result in immunosuppressioo or deaused 
immune fundion (e.g. smss, radiation, steroids, daemotberapeutia, geoetic modifjcatiOD of the immune system)? 

NO 181 YES o ifyes. spedfy: 

8 c) Indic:ate area(s) wbere animal use proœdures wiU !te couduc:ted: 

Building: MNI Room: operatmg room 

Io.ditate area(s) aU facilities wbere animais will he boused: 

Building: MNI Room: 865 (mice) and 867 (rats) 

If animal bousiog and animal use are in difl'ereot locations, briefty destribe procedures for transportiog animais: 

9. S ....... Operating Procedures (SOPS) 

Complete tbis 5e(tiod ifyoopÎan ta DIe aoyofdae UACC SOPs listedbdOw. ITIS UACC rôI.JCY TllA1' TIlt.sE sors 
liE llSEDWHEN APPI..ICAJlLE. Anypl'Oposed variation ofdae SOPs mùSthe d~bed .. jUstifietL 1lae StaDdard 
Opet atiDc Proœdures çaa be found at tbe UACC website at www.mcgill.c:alrgo/aoimal. The compkted amcI sigoed sor 
fonn. must he attadaecl to the protocoL 

CJaed( aIl·SOPs.that.wDI he used: 

Bload Collection UACC#l o 1 Collection of Ampbibian Oocytes UACC#9 0 
Aoaestbesia in redents UACC#1 181 1 R.odent SomvaI Surgery UACC#10 181 



Analpsia iD rodeuts UACC#3 181 Anaestbesia &: Analges.ia Neouatal Rodents UACC#U 

Breeding traos~ts UACC##4 181 Stereotuk Survival Surgery in Rodsu UACC#ll 

Transgcuic: GaIeratioo UACCt#5 181 Eudaaoasia of Adult & Neonatal Rodents UACC#13 

Knockoutlin Generation UACC#6 0 Y..Jd Studies Fono 

Produdion of Monodonal Antibodies UACC#7 0 Pbeaotype Disdosure Fono 

Production of Polydonal Antibodies UACC#18 181 Otber, spedfy: 

10 a). IF A PROCEDURE IS COVERED BY AN SOP, WRITE "AS PER SOP", NO FURTHER DETAIL IS 
REQUIRED. 

pagel 

0 
0 
181 
0 
0 
0 

FOR EACR EXPERIMENTAL GROUP, DESCRIBE AU. PROCEDURES AND TECHNIQUES, wmCR ARE NOT 
PART OF THE SOrs, IN THE OROER INWmCHTHEY WILL BE PERFORMED - surzie81 procedures, 
immunizations, Iteba\'ioural tests, immobilization and ftStnint, rood/water deprivation, requiremeats for post-operative 
are, sampIe collection, .-.bstanœ administration, specW moaitoring, etcA.ppendix l of Che GuideIines 
(www.mqill.caIrp1ania1a1 ) pl'Ovides a sample &st of poina tbat sbould be addres.sed iD tbis section. 

l) We will produce primary cultures of peripheral and cenJral neurons from normal embryonic rats and nonnaI and transgeoic 
embl)'OOÎc mice. Pregnant mothers are first sacrificed in C02 c:.bambers. Neonatal mice are then sacrificed by decapitation and 
superior cervical ganglia, hippocampi, or brain cortices dissected, dissociated and grown in tissue culture incubators. 
2} For geootyping oftransgenic animais, tail samples are conected by staff al the MNI Animal FaciJity under halothane 
anaesthesia on animais which are weaned and al least 6 weeks old (see Intemal MNI SOP #T97~18 attached). 
3) Status epilepticus (SE) seizures will be induced using the cholinergie agonist pilocarpine. Prior to seizure .inducIion, adult 
mice (30 g) or rats (1 75g) will be injected with methyl scopolamine (I mglkg; lP.) to prevent the peripheral autonomie effects of 
pilocarpine. Fifteen minutes Illier, animaIs win be injected with pilocarpine hydrochJoride (280 mglkg; lP.). This dose bas beeo 
used successfuJly in the past (see project #3605) 10 trigger seizures. After one houc, eadJ animal will he injected with diazepam 
(10 mglkg; lP.) in order to tenninate the seizure episode. Administration of pilocarpine produces initiaI major tonie cJonie 
convulsions. Il is at titis time pilocarpine is potentiaDy dangerous to the animal. Immediately after titis pilocarpine injection, 
animais are monitored closely for as least one houc for any signs of distress. Distress is eJiminated by the immediate injection of 
diazepam (10 mglkg; I.P.) Seizure activity whiclJ deveJops later consists offaciaI automatisms and head nodding. These 
symptoms are not 1ife threatening Using titis protocoJ, the mortality rate is < 5%. AnimaIs will be aIJowed to survive 1 to 7days 
post-surgel)' aftec which time they will be sacrificed by C02 chambers. 
4) For sciatic nerve transections, adult mice (30 g) or rats (175 g) will be anathesized using a ketomine/xylazine mixture 
(DOSE). A sma)) incision will be made (mice = > 5 mm; rats > 10 mm) and the sciatic nerve exposed. Using Iris scissors, the 
sciatie nerve will then be eut followed by suturing of the skia and topical anaIgesics. AnimaIs will be monitored every houc for 6 
houcs for any signs of mutilation. AnimaIs will be aIJowed to survive 1 to 7days post-surgel)' after which time they will be 
sacrificed by C02 chambers. Sciatic nerves will be removed and ana1yzed. 
5) PolyclonaI antibodies will be produced as per the McGill University Faculty of Medicine Standard ProtocoJ for Generation of 
PoJyclonal Antibodies in Rabbits (see SOP# 8 attached). AnimaIs will be allowed to survive 1 to 7days post-SUfgelY aftec whiclJ 
time they will be sacrificed by C02 chambers. 

10 b) Experimental eudpoint - for each experimeatal &foup indica1e survivaI time 

For pilocarpine-induced seizures and sciatic nerve transections, animais will be aIJowed to survive for 1 to 7 days post-surgery. 

10 t) CIiJûcaI eudpoiDt.., desQibe the COIIditions, CèlUpIicatioos, and criteria (t-g. >1"'''' weipt Joss, mUimum tumoor 
si:œ, voc.Hrinc,iadl of ~g) tbat would lead.toeuda ..... a.f ao.aoimaI hefore the opeeted C4QDpletion .ftbe 
expet'Ùilellt (spedfy per spedCs andpl'Ùjed ifmoltipieprOjeets involved) 

For seizures, ifanimal is in distress even after diazaparn administration, the animaI will be eutbansized. For sciatie nerve 
transection, if the animaI shows signs ofmutilation, the animaI will be euthansized. 

10 d) Specify penon(s) .... dt be respoilsible for ......... monitoring ad post-operatift care (1IfIISt II/!w Ile lisIed lit , 
6«tÏIHJ 4) 

Name: Dr. Alberto Ramos Phone #: 398-3212 

10 e) ~~.AuaeltlteiidAoalgésitAgenti: List aU drup abat will be aseclto _lm'" paintdistress ôr 
distemfort. râle.aptIId&i~ 

Species 1 Agent 1 Dosage (mgIkg) 1 Total volume(ml) l Route 1 F 
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1 1 1 per administration .1 J 

10 f) Administratio .. of ALL oCher .substances: Ust aB .. o ......... thetic .... ts mader stody in the sperillleutai 
~,...t of the jretOCOI, iududhig but IlOt Iimiœd te drap, illfedious 81mb, viroses. TIIbk. expa4 • ..-w 

Species Agent 1 Dosage (mgIkg) l Total volume(mI) 1 Route 1 Frequency 
peradministrati.on 

mice methyl scopolamine 1 mg/kg looul IP once 
mice pilocarpine 280mg/kg 100 uI IP once 
mice diazepam (post seizure) IOmg/kg looul IP once 

10 &) Method of Eutbanasia 

Specify Species 

o Aoaesthetic overdose, Hat agent/dose/route: 

o EuangulDatio .. witb auaestbesia, Dst a&eIIt/dose/route: 

o Decapitatio .. witbout auaesthesia * o Decapitatio .. wiCh ames~ liat agent/dose/route: 

o Cervical disleutio .. wiChout auaes1besia * .. o CerviaI disloution with aoaestbesia, Dst agent/dose/route: 

Rats.mice 181 COz dIamber 

o Other, .peafy: 

o Not applicable, splaiu: 

* For pbysic:al meCbGd of euCbaoasia witbout aoaesthesia, pIease justify: 

C~ ~ IavuimIas (fl'OUl the CCAC CtIIqories of /~ ÏII AIIimId Experimmb). PIeue mer to this dommeat for a 
mo~ detaiIed delcriptioa of categories. 
Category A: Stadia or esperimeats 00 most iavertebrata or DO eatire Ikiag materiaL 
Çatgpry B: Stadia or espel'ÙlellU CMIIÏDg littie or DO discomfort or stress. l7tae might incIIuIe ltolJing _imIIh lXIJ1IÏn. ÏIrjt!:dÜRf, 

~ 1Wo4~, ~ -o.-asitI for tissue luIrvest, tICMte ~ experimeIrb ÏII wiicIJ lite tlIIimt116 tin œlfl{lldely 
afleddiud 
Cafe&Ot'Y C: Studies or esperùDeats im'Olviag miaor stresa or paia ~ lIIort dllratiOIl. These lfIÎI:Irt ÏlrcIIuIe ~ or 
~ of6loo4U&Je1s or body œvitiG lIIUIer .-edesüJ, __ ~ _der tlIIfU"It'niq, .œ 4JS biopq; Mon periods of 
nsInIÙIt, ~ fOOttl tlIId/or WIller ~ wIüdr ~ pnÏtHls of II/Jstùrt!llce ;" IUIbIre; beIuaimutd experimeIIt:s ott COfISCioIIs 

~ duit imrolPe sir«t-tom lIIres8Jid ratTrIint.. 
Catqory D: StIIdies or esperilDeats tUt lavolve IIlOdente to leftI"e distress or dillcomfort,. l7tae might iIu:buIe rlflljor swrgery .uer 
~ MtII sdseqllt!llt~, J1I'fIImtKed (sevend Iwfus or --J periods of plcysical resIriIinI; ùubu:Iüm ofbeluwioartlI--. 
~ ..." COfffJ1Ide FraouI'sll4jrlwDft, lIJ1I1Iiœtitm of lfœI:Ïqu 6lÜral1i, procetlIaes thIIt prodMce ptIin, prodIu:timr of trrursgmb (br 
~ Mdl lbû'Nnlty poIiq). 
Categon 1:; Procedures tbat iDvoIve iafliçûDg Ine~ paia. aear, at or ÜO\'e the pain tbresbold ~DD"'aestbetized, CODldoas aDiIDaIs. 
Not crmfoted tq Ind -....ùrcbuIe e:xpostIre tq lfœI:Ïqu ~ or lIgaâ """. ef/ects lIN IInlCllowrt,· exposIII't! tq dnlgs or œemialls IlIlne1s 
tIuIl (nrlIYJ 1If4rIfredly imptIir pllploIogiœl systmrs IIIIIllItidt aarse ... ~_ pain or e:x:Inme tIistnœ or phpictlllNwrfll QfI 

1UUI1UIGt6diu!41D1ÏMM& • to UDiversity poIicy, E Ievd stadies are IlOt permitted . •• ~~.~tr~ro~ .. ~~ 
No lulzardous materials will be used in Chis Slady: 181 
11 a) Iodicate wbitb of the foRowing will be used in animais: 

OToD.c c:bemicaIs ORadioisotopes OCarduogens Olnfedious agents OTranspJao.table tomoun 

Il b) Complete the followiug table for eadl agent te be used (use additional page as required): 
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Apt..-e 

DOIa&e 
Route ~ adaiaiJtntioa. 

l'reqae!Iq ~ admiDistntioa 

Duratioll ~ .dmiDi.stratioa 
NOIE of ........ iImIIftd 

Surmal tilDe after .... iDbtratioD. 

Il c) Aller .dmlnistratÎoa theanimllls 1riD he houaed in: 

181 the animal caR fadlity o Iaboratory UDder supervision of laboratory personnel 

~ Ilote tIuIt C1JBS lIUISt Ile lIIbeled tII tdl tJmes. 
11 d) Desaibe potential heaIth risk (5) to hUDîaDS or aoimaIs: 

None 

12 e) Desc:ribe lIleaSW'tS that will be used to reduce rUk to the aninHuilent and d project and uimaI fadlity pênODDeI: 

NA 



Namt' Department Check appropriate classification Fellow 

Investigator Technician Student 
& 

Research 
Assistant 

Undergraduate Graduate 

IDr. Phil Barker lNeurology and Neurosurgery X 

Genevieve Dorval lNeurology and Neurosurgery X 

~athleen Dickson lNeurology and Neurosurgery X 

IDr. Wai Chi Ho ~eurology and Neurôsurgery X 

1Dr. JOt Makkerh Neurology l;lDd Neurosurgery X 

1Dr. Emily Yereker Neurology and Neurosurgery X 

~. Alberto Ramos Neurology and Neurosurgery X 

Dr. Daniel Auld ~eurology and Neurosurgery X 

~acqueline Boutilier [Neurology and Neurosurgery X 

~elUlY Ho",-ell ~eurology and Neurosurgery X 

AmirSalelJ Neurology and Neurosurgery X 

5. EMERGENCY: Person(s) designated to handle emergencies 

Name: Dr. Phil Barker Phone No: work: 398·3064 Cell: 830-3243 

Name: Kathleen Dickson Phone No: work: 398-3212 Cell: 793·2125 

6. Briefly describe: 

i) the biohazardous material involved (e.g. bacteria, viruses, human tissues) & desigrurted biosafety risk group 

• Tissue culture waste. 

• Non-pathogenic bacterial waste. 

• Broken glass/sharps. 

• Organic solvents 

ü~ the procedures involving biohazards 

• CellUnes will be used to express recombinant DNA fragments produced in vitro by standard molecuIar biolc 

techniques. The constructs tested represent a new class of proteins tOOt show no ability to transform ceUs. 

• Sorne of these proteins will be produced as recombinant adenovirus using bacteria and mammalian packaging 



line (293 cells) - viru., is replication incompetent outside packaging lines sucb as 293. Recombinant virus will be 

used to infect celllines and primary ceUs maintained in vitro. 

• Tissue culture wiU be performed in an approved Iaminar tlow hood located in a room dedicated to this purpose. 

• Personnel working in tbis area will be suitably trained in sterile techniques. 

• Biohazardous waste will be disposed of separately from regular garbage. CeU and bacterial culture waste is 

placed in biohazard autoclave bags and autoclaved prior to dispOSai; liquid waste is neutraIized with 0.1 % 

Roccal-d or sodium hypochlorite solution (5.25% bleach diluted 1:10). 

• Containers/equipment leaving the lab will be decontaminated with 1 % bleach or 70% ethanol. 

• Working areas will be regularly wiped with 70% ethanol. 

• Chloroform and phenol are disposed of as toxic waste. 

• S~ps are disposed in impermeable sealed plastic containers; glass in sealed plastic "Broken Glass" containers. 

• Organic!caustic cheoùcals are stored in a reinforced cabinet and used in a fume hood. 

Sharps are disposed in impermeable sealed plastic containers; glass in sealed plastic containers. 

Organic/caustic ehemicals a::-e stored in a reinforced cabinet and used in a fume hood. 

iii) the protocoi for deoontaminating spills 

Spills will be decontaminated by: 

• AUowing aerosols to settle. 

• Co-vering spin with paper towels and then applying 1 % bleach from the periphery inwards. 

• After a 30 minute incubation period in the applied bleach, the paper towel will be disposed of in a biohazard bin 

and subsequently autoclaved. 

• Spills onto cIothing will be decontaminated by autoclaving. 

7. Does the protocol present conditions (e.g. handIing of large volumes or high concentrations of pathogens) which could 
increase the hazards of the infectious agent(s)? 

No. 

Do the specifie procedures to be employed involving genetically engineered organisms have a history of safe use? 

Yeso 



9. What preCautions are bcing taken to reduce production of infectÏous droplets and aerosols? 

Biosafety cabinets are used. 

1\. List the 10 ogIcal s etyc mets to eus b' l' afi ab" b ed 

Building RoomNo. Manufacturer ModelNo. SeriaI No. Date Certified 

!MNI Molson Pavillion MP032 NuAire NU440-400 67000-ADO Dec.12/01 

NU440-400 67062-ADO Dec. 13/02 

NU440-400 67064-ADO Dec.13/02 


