Vv

VANDERBILT
BRAIN INSTITUTE

The Regulation of Cell Survival by the p75 Neurotrophin Receptor
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Abstract

During the development of the mammalian nervous system, the p75 neurotrophin receptor (p75"™) can fulfill dual functions. Through the
activation of the stress-activated kinase JNK or by stimulation of p75"™-associated factors, the receptor can induce pro-apoptotic pathways. In
other contexts, p75"™ can promote cell survival by associating with tropomyosin-related-kinase (Trk) receptors or by independently promoting
activation of the transcription factor NFkB. Though these signaling processes are not fully understood, recent studies have indicated that the
regulated proteolytic cleavage of p75"™ may play a particularly important role. Moreover, analyses of p75"™-associated receptors and cytoplas-
mic interactors have provided new p75"™ into the mechanisms by which p75"™® mediates these functions. This review discusses the signaling
events associated with the regulation of cell survival by p75"™, highlighting how these activities may contribute not only to neurodevelopment,
but also to cellular responses to stressful or injurious conditions.
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Introduction

The neurotrophin family, which consists of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), and
neurotrophin 4 (NT-4), is a group of secreted proteins which mediate a wide range of biological functions, including the regulation of cell survival, my-
elin formation, neurite outgrowth, synaptic plasticity, neuronal differentiation, and cell migration2. Neurotrophins perform these many functions by
acting through two classes of receptors: the Trk family of receptor tyrosine kinases (TrkA, TrkB, and TrkC), and the p75 neurotrophin receptor (p75"™),
a member of the Tumor Necrosis Factor (TNF) superfamily®2. Trk receptors preferentially bind to particular neurotrophins, with TrkA selectively as-
sociating with NGF, TrkB with BDNF and NT-4, and TrkC with NT-3*“, Depending upon the cellular context, these interactions can activate well-studied
phosphatidylinositol-3-kinase (PI-3 kinase)/Akt, Ras/extracellular signal-regulated kinase (ERK), and phospholipase C-y (PLC-y) signaling pathways, as
well as other signaling cascades, and thereby regulate a diversity of physiological activities®. In contrast to Trk receptors, p75"™® has a similar affinity for
all four neurotrophins, and the signaling events associated with its activation are less well characterized*?. The established functional roles of p75"™®
are quite diverse, due largely to abundance of ligands and co-receptors that can associate with p75"™ and regulate its signaling. For example, p75"™®
can form a high-affinity complex with Trk receptors and thereby enhance Trk signaling'®. By associating with the Nogo receptor and Lingo-1 in the
presence of myelin-based ligands, p75"™® can also inhibit the axonal regeneration of injured neurons*®’. Numerous other functional roles for p75"™
have been established, including modulation of the cell cycle®, synaptic plasticity®, and tumor cell migration®. This review discusses the mechanisms
by which p75"™® regulates cell survival and how these events relate to neurodevelopment and to physiological responses to cellular injury.

P75NTR Activates Programmed Cell Death

Programmed cell death is an essential aspect of mammalian neurodevelopment, as approximately 50% of neurons generated during de-
velopment undergo an apoptotic program?'t. Analyses from p75ntr’ mice have revealed that p75"™ is vital to this process and induces the develop-
mental loss of neurons within the retina'>*?, basal forebrain'4, spinal cord?®, and superior cervical ganglia®®. Additionally, in vitro studies have shown
that neurotrophin binding, or neurotrophin withdrawal, induces p75"™-mediated apoptosis in a plethora of cell types, including Schwann cells*?,
oligodendrocytes®®, hippocampal neurons?®, motor neurons?, photoreceptor cells?, sympathetic neurons??, and several others**?%. The signaling cas-
cades induced by p75"™-mediated apoptosis are not completely understood, but are known to involve the phosphorylation of c-Jun N-terminal kinase
(JNK)?**28, as well as the downstream activation of p53% and BH3-domain-only family members Bad?” and BimEL?%, the accumulation of cytochrome
¢ within the cytosol?’, and the activation caspases-3, -6, and -9272%, This is in contrast to other members of the TNF superfamily, which activate apop-
tosis through a caspase-8-dependent pathway*°. Exactly how activation of p75"™® leads to these downstream activities is incompletely understood,
but many studies have recently identified critical early signaling events. One such important early event is proteolytic processing of the receptor. In
a manner similar to that of the transmembrane proteins Notch and amyloid precursor protein (APP), p75"™ is subject to proteolytic cleavage in its
extracellular domain (ECD) by the metalloproteinase® TNF-a converting enzyme (TACE, also known as ADAM17), thereby producing a membrane-
bound c-terminal fragment (CTF). Following release of the ECD, the p75"™-CTF is cleaved in its transmembrane region by y-secretase, thus releasing
into the cytoplasm the intracellular domain (ICD) of p75"™® 23132, This type of proteolytic processing of p75"™ has been demonstrated to occur in a
ligand-dependent manner in 3T3-p75"™ over-expressing cells®, glial cells**, and sympathetic neurons?*>. Cleavage of p75"™ in response to phorbol
ester® treatment has been revealed in HEK-293 cells expressing p75"™® 32, SN56 cells®2, and RNF22 Schwannoma cells®’. In other contexts, p75"™ cleav-
age has been demonstrated to occur in PC12 cells®®, dorsal root ganglion (DRG) neurons®, cerebellar granular neurons (CGNs)*® and in a transgenic
photoreceptor cell line®. The functional significance of these proteolytic events is, in many aspects, not well understood and likely varies depending
upon the cellular context. One possibility is that y-secretase-mediated cleavage of the p75"™®-CTF allows for the translocation of the p75"™-ICD into
the nucleus, where it may alter transcriptional events that contribute to apoptotic signaling. Indeed, the soluble p75"™-ICD has been detected in the
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nucleus of both 3T3-cells over-expressing p75"™ 3 and Schwann cells* in a ligand-dependent manner. In PC12 cells, NGF stimulation induced nuclear
localization of endogenous p75"™-ICD and association of p75"™ with the cyclin E promoter. Altogether, this evidence suggests that proteolytic cleav-
age of p75"™ may promote regulation of transcriptional activity by facilitating nuclear entry of the p75"™®-ICD.

Another function of p75"™ cleavage is to allow proteins associated with the p75"™-ICD to be released into the cytoplasm, thus allowing
these interactors to undergo nuclear translocation or to associate with other cytoplasmic proteins. Numerous p75"™ interacting factors have been
reported, including NRIF*, NADE*?, NRAGE*, RIP-2%, Rac*, Rho-GDI*, SC-1*¢, MAGE-H1*’, Necdin*’, ARMS*, and TRAF2, 4, and 6*. Many of these
have been shown to mediate apoptotic signaling, including NRIF**, TRAF6°°, NRAGE®, and NADE*2, Among these p75"™-associated proteins, the E3
ubiquitin ligase TRAF6 (TNF receptor-associated factor 6) plays a particularly important role. TRAF6 is recruited to the cytoplasmic domain of p75N™®
in a ligand-dependent fashion and is required for p75"™-mediated activation of JNK and subsequent neuronal death®%>>%4, Recently, it was reported
that following treatment of PC12 cells with NGF, TRAF6 associates with presenilin-1, the primary catalytic component of the y-secretase complex, and
this association enhanced ubiquitylation of p75"™, cleavage of p75"™, and autoubiquitylation of TRAF6>*. While the functional significance of p75"™
ubiquitylation is still unclear, this evidence suggests that TRAF6 may enhance p75"™® cleavage by binding both p75"™ and y-secretase in response
to stimulation by neurotrophins. The widely expressed DNA-binding protein NRIF (neurotrophin receptor-interacting factor) is another cytoplasmic
interactor that facilitates p75"™-mediated apoptosis®>. NRIF is required for p75"™-mediated JNK activation and apoptosis in cultured sympathetic neu-
rons®, and NRIF was recently shown to be necessary for p75"™-mediated apoptosis in hippocampal neurons both in vivo and in vitro*. In sympathetic
neurons, pro-apoptotic ligands stimulate proteolytic cleavage of p75"™®, which in turn induces the ubiquitylation and nuclear translocation of NRIF®,
Inhibition of p75"™ proteolysis by a y-secretase inhibitor or by expression of a mutant, non-cleavable form of p75"™ blocked nuclear translocation of
NRIF and prevented neuronal death. Ubiquitylation of NRIF, which is required for its nuclear localization, as well as for p75"™-mediated apoptosis, also
depends upon TRAF6°¢. Thus, in a current model of p75"™-mediated apoptosis, neurotrophin-dependent activation of p75"™ induces cleavage of the
receptor by TACE and y-secretase, with a potential enhancement of this cleavage occurring through an interaction between presenilin-1 and TRAF6.
Cleavage of p75"™ then results in the release of a complex containing the p75"™-ICD, NRIF, and TRAF6 into the cytoplasm. In turn, this facilitates the
TRAF6-dependent ubiquitylation and nuclear localization of NRIF, as well as the activation of JNK, thereby triggering downstream signaling events that
induce neuronal death (Fig. 1).
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sympathetic neurons similar to that observed in p75"™ knockout mice, suggesting that NRAGE may be required for p75""-mediated developmental
apoptosis in vivo. Sympathetic neurons from these mice were resistant to BDNF-induced apoptosis and showed reduced BDNF-dependent JNK acti-
vation®?, Thus, NRAGE appears to be an important component of p75"™-mediated apoptotic signaling. Interestingly, NRAGE knockout animals have
a severe motor neuron defect not seen in p75"™ knockout mice, indicating that NRAGE may also regulate apoptosis through pathways not involving
p75"TR 51 NADE (p75N"™-associated cell death executor) is another p75"™®-associated protein that is thought to contribute to apoptotic signaling. When
co-expressed in HEK293 cells, NADE associates with p75"™ in response to NGF treatment and activates p75"™-dependent cell death, and these results
were replicated in PC12 cells, nnr5 cells, and oligodendrocytes**. Whether NADE and NRAGE function within the same pathway as NRIF and TRAF6 or
instead act in parallel to promote p75"™"-mediated apoptosis is not well understood, and thus further analyses of these signaling events in similar cell
types is needed.

p75"™®-mediated Apoptosis in Response to Cellular Injury — Role of Proneurotrophins

In addition to regulating developmental apoptosis, it is well established that p75"™ induces programmed cell death in response to different
types of cellular injury. For example, p75"™ facilitates cell death in corticospinal neurons following axotomy®’, in hippocampal neurons in response
to seizures®, in oligodendrocytes after spinal cord injury®8, and in motor neurons following lesion of the facial nerve®®. Recently, a study conducted
using cultured sympathetic neurons revealed that the neurotrophin-dependent induction of p75"™® cleavage requires the activity of JNK. Interest-
ingly, activation of JNK by over-expression of the upstream kinase MEK kinase-1 (MEKK1) was sufficient to induce p75"™® cleavage and subsequent
cell death®’. Many types of cellular insults, including oxidative stress and ultraviolet irradiation, can activate JNK®, and thus the activation of JNK by
these different types of cellular stressors may stimulate p75"™® cleavage and initiate subsequent apoptotic signaling. The precursor forms of neurotro-
phins also play an especially important role in stimulating p75"™-mediated cell death in response to neuronal injury. Like many secreted proteins,
neurotrophins are synthesized as precursors (proneurotrophins), which can be proteolytically cleaved to produce mature proteins®. Proneurotrophins
can be cleaved intracellularly by furin and other proconvertases or secreted in their precursor form and proteolytically cleaved by enzymes within the
extracellular matrix®*%, The serine protease plasmin, which is activated through the proteolysis of plasminogen by tissue plasminogen activator (tPA),
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is one such enzyme capable of cleaving proneurotrophins within the extracellular environment3%%. Additionally, proneurotrophins can be converted
by extracellular matrix metalloproteinases (MMPs), and, in particular, it has been demonstrated that proBDNF can be cleaved by MMP-3 and MMP-7,
while proNGF is cleaved by MMP-7, but not MMP-2, -3, or -93%%4, Accumulating evidence has revealed that secreted proneurotrophins serve as potent
endogenous ligands for p75"™. Proneurotrophins can activate p75"™ at low nanomolar concentrations by binding to a protein complex containing
p75"™ and its co-receptor sortilin, a member of the Vps10p-domain family of receptors®. Proneurotrophins are thought to bind to sortilin via their
pro-domain and to p75"™® through their mature domain, thus serving as a crosslinker that brings the three proteins together and initiates p75"™-medi-
ated apoptotic signaling®. The death-promoting activity of proneurotrophins has been demonstrated in a variety of cell types, including oligodendro-
cytes®®, basal forebrain neurons®, sympathetic neurons®>¢*, Schwann cells®®, photoreceptor cells?}, corticospinal neurons®’, smooth muscle cells®, and
hippocampal neurons®. In several contexts, proneurotrophins have been demonstrated to promote programmed cell death in response to cellular
injury in vivo. Exogenous proBDNF was shown to enhance the apoptosis of axotomized sensory neurons in vivo, and neutralizing antibodies which
specifically bind the pro-domain of proBDNF reduced cell death following sciatic nerve lesion®. In hippocampal neurons, proNGF and proBDNF were
upregulated after pilocarpine-induced seizures, particularly within astrocytes, and secretion of these proneurotrophins was detected in cerebrospinal
fluid. Infusion of neutralizing proNGF antibodies into the hippocampal region reduced seizure-induced neuronal loss*. Following internal capsule
lesion, an increase in the production and secretion of proNGF was detected, and infusion of neutralizing proNGF antibodies rescued corticospinal
neurons from axotomy-induced cell death’. Because proneurotrophins have a greater affinity for p75"™/sortilin complexes and lower affinity for Trk
receptors®, proneurotrophins can selectively stimulate apoptosis in cellular systems in which mature neurotrophins promote Trk-mediated survival.
Indeed, in cultured basal forebrain neurons, proNGF and proBDNF both induced p75"™-mediated programmed cell death, while the mature forms
of these proteins instead activated pro-survival signaling pathways, presumably by stimulating TrkA and TrkB2. Apart from the differences in affinity
for Trk receptors and p75"™®, how the p75"™-mediated apoptotic signaling pathways stimulated by proneurotrophins differ from those induced by
mature neurotrophins remains to be fully established. At least in some cellular contexts, the signaling mechanisms appear to be similar. For example,
in sympathetic neurons, the induction of p75"™ cleavage and NRIF nuclear translocation by mature BDNF could also be invoked by lower concentra-
tions of proBDNF***¢, Proteolysis of p75"™ and nuclear localization of NRIF were also required for the cell death of hippocampal neurons treated with
proneurotrophins in culture®. Therefore, these signaling events appear facilitate p75"™-mediated cell death induced by both proneurotrophins and
mature neurotrophins. However, sortilin may also contribute to p75"™-mediated apoptotic signaling in a manner that has yet to be revealed, and the
involvement of other p75"™ interactors has not been thoroughly studied.

p75"™ Regulates Pro-survival Signaling

In contrast to the aforementioned role of p75"™, in some cellular contexts p75"™ can promote cell survival. Neurotrophin-dependent ac-
tivation of p75"™ has been demonstrated to inhibit the death of neuroblastoma cells®’, of hippocampal neurons treated with NMDA®, and of both
sensory neurons® and cortical subplate neurons deprived of trophic support’™. Mice lacking expression of p75"™ exhibit a dramatic loss of sensory
neurons, thus indicating that the receptor is required for the survival of these neurons in vivo’™. Additionally, a recent study of p75"™ knockout mice
revealed an increased loss of primary auditory neurons following acoustic trauma, demonstrating that p75"™ may play a protective role following
certain types of cellular injury’%. As one mechanism of promoting cell survival, p75"™ can form a high affinity complex with Trk receptors, thereby
increasing their specificity for particular neurotrophins®’3. Alternatively, stimulation of p75"™ can promote the activation of nuclear factor kappaB
(NFkB), a pro-survival transcription factor that is also activated by other members of the TNF receptor family®. Neurotrophin binding to p75"™® has
been shown to activate pro-survival signaling by NFkB in a number of cell types, including RN22 cells’, primary Schwann cells®, trigeminal neurons’®,
and hippocampal neurons’®. Activation of NFKB can, in turn, promote the expression of neuroprotective NFkB target genes such as Bcl-2 and Bcl-xI”.
Recently, it was demonstrated that proteolytic cleavage of p75"™ might contribute to pro-survival signaling as well. Interestingly, activation of Trk
receptors in PC12 cells, as well as in cerebellar granular neurons, was shown to induce cleavage of p75"™®, which subsequently enhanced Trk signal-
ing®®38. This function of p75"™ cleavage, however, is likely specific to particular cell types, since cleavage of p75"™® is not stimulated by Trk receptor
activation in sympathetic neurons and expression of the p75"™-ICD in these cells promotes apoptosis®.

Conclusion

Substantial progress has been made in uncovering the mechanisms by which p75"™ regulates cell survival during neurodevelopment and
in response to cellular injury. Elucidating these processes is challenging due to cell-specific differences in p75"™ signaling and due to the complexity
of the interactions of the receptor with multiple functionally specific signaling pathways. Despite these challenges, within many cellular contexts,
the mechanisms of p75"™ signaling are becoming better understood. The association of p75"™ with sortilin or Trk receptors, the proteolytic cleavage
of p75"™, and the stimulation of p75"™-associated factors represent key events in the regulation of cell survival by the receptor. Further analyses of
p75"™® interacting factors and their activities within different cell types are needed, and the relationship of these activities to signaling events modu-
lated by Trk receptors remains to be fully elucidated. Investigations along these lines will significantly enhance our understanding of the molecular
processes through which p75"™ regulates cell survival.
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