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Nerve growth factor binds to the TrkA and p75N™® (p75) and
generates signals leading to neuronal cell survival, differentiation,
and programmed cell death. Here we describe a series of exper-
iments involving selective activation of either TrkA or p75 in
which distinct cell-signaling intermediates promote different cel-
lular consequences. We analyzed pheochromocytoma 12 (PC12)
cells stably expressing chimeras consisting of the extracellular
domain of PDGF receptor (PDGFR) fused to the transmembrane
and cytoplasmic segments of p75 or TrkA. Because PC12 cells
lack endogenous PDGFR, addition of PDGF to these cell lines
permits selective activation of the p75 or TrkA responses without
stimulating endogenous receptors. Although both p75 and TrkA
activated nuclear factor-kB (NF-kB), we show that distinct
proximal-signaling intermediates are used by each receptor. A
dominant-negative mutant of TRAF6 blocked p75- but not TrkA-
mediated induction of NF-kB. Conversely a dominant-negative

mutant of Shc inhibited TrkA but not p75 activation of NF-«B.
Both of these distinct signaling pathways subsequently con-
verge, leading to activation of the 1B kinase complex. Moreover,
the activation of NF-«B by these distinct pathways after stimu-
lation of either TrkA or p75 leads to different physiological con-
sequences. Blocking p75-mediated activation of NF-«xB by
ecdysone-inducible expression of a nondegradable mutant of
IkBa significantly enhanced apoptosis. In contrast, blocking
NF-«B induction via TrkA significantly inhibited neurite process
formation in PC12 cells. Together these findings indicate that,
although both of these receptors lead to the activation of NF-«B,
they proceed via distinct proximal-signaling intermediates and
contribute to different cellular outcomes.
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Nerve growth factor (NGF) and the other neurotrophins (BDNF,
NT-3, NT-4/5, and NT-6) mediate both neuron survival and dif-
ferentiation via selective binding to three receptor tyrosine ki-
nases: TrkA, TrkB, and TrkC (Barde, 1989; Chao, 1992; Barbacid,
1994). The Trks recruit and activate signaling intermediates that
in turn stimulate the ERK mitogen-activated protein kinases
(MAPKs) and other downstream effectors (Kaplan et al., 1991,
Obermeier et al., 1994; Kaplan and Miller, 1997). Mice lacking
TrkA exhibit severe sensory and sympathetic neuropathies and
usually die at ~1 month of age (Smeyne et al., 1994; Snider, 1994).
All of the neurotrophins also interact with a second receptor,
p75NTR (p75), that enhances their binding to the Trks (Benedetti
et al., 1993; Barker and Shooter, 1994). p75 is a member of the
tumor necrosis factor receptor (TNFR) superfamily and contains a
signature cytoplasmic death domain that plays a central role in the
recruitment and activation of signaling adaptors (Bothwell, 1991;
Dechant and Barde, 1997). Unlike the Trk receptors, the cytoplas-
mic domain of p75 lacks intrinsic tyrosine kinase activity. However,
whereas the Trk receptors inhibit apoptosis, p75 promotes apopto-
sis in certain neuronal cell populations (Rabizadeh et al., 1993).
Early in development, the binding of NGF to select retinal neurons
expressing p75, but not TrkA, induces the death of these cells
(Allendoerfer et al., 1994). Mice lacking p75 display decreased
pain sensitivity because of loss of sensory nerve fibers but also have
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enlarged basal forebrain neurons (Lee et al., 1992, 1994; Yeo et al.,
1997). The ability of p75 to induce apoptotic versus neurotrophic
changes may thus depend on the cellular context and on coexpres-
sion of the Trks.

NGF induces the activation of the nuclear factor-kB (NF-«B)
transcription factor complex. NF-«B regulates the expression of
various cytokines, cell adhesion molecules, and inflammatory me-
diators that are important for coordinating cellular responses to
stress, infection, and injury (Ghosh et al., 1998). NF-«B also exerts
an antiapoptotic effect in many cell types (Beg et al., 1995; Baldwin,
1996; Beg and Baltimore, 1996; Van et al., 1996; Li et al., 1999). In
addition to NGF, a diverse spectrum of stimuli including the
proinflammatory cytokines interleukin 1 and TNFe, bacterial li-
popolysaccharide, ultraviolet light, and free-oxygen radicals induce
NF-«B activation (Baldwin, 1996). The biochemical pathways un-
derlying the action of many of these agonists remain poorly under-
stood. NF-«B is regulated via its assembly with a family of cyto-
plasmic inhibitors termed IxB. I«B binding to NF-«B blocks the
nuclear localization signal of NF-«B, leading to cytoplasmic se-
questration of the transcription factor complex (Beg and Baldwin,
1993; Henkel et al., 1993; Ghosh et al., 1998). Activation of the 1B
kinases (IKKa and IKKp) (DiDonato et al., 1997; Mercurio et al.,
1997; Regnier et al., 1997; Zandi et al., 1997) within functional
high-molecular weight signalsomes promotes phosphorylation of
IkBea on serines 32 and 36, leading in turn to its ubiquitination and
degradation within the 26 S proteasome (Finco et al., 1994; Brock-
man et al., 1995; Brown et al., 1995; Chen et al., 1995; Scherer et al.,
1995; Traenckner et al, 1995; Whiteside et al., 1995; Sun et al.,
1996). These events liberate the NF-«kB complex, allowing its rapid
translocation into the nucleus, where it triggers the transcription of
various target genes, including the IkBa gene whose rapid induc-
tion temporally resets the NF-«B response (Brown et al., 1993;
Scott et al., 1993; Sun et al., 1993; Chiao et al., 1994).

The antiapoptotic effects of NF-«kB make this transcription fac-
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tor a potentially important neuroprotective agent in vivo (Maggir-
war et al., 1998; Hamanoue et al., 1999). Pathological conditions
like hypoxia and those encountered in Alzheimer’s disease are
associated with the apoptotic death of neuronal cells (Mattson,
1998). Therefore, characterizing the pathways leading to neuronal
NF-kB activation may provide novel strategies to control patho-
logical inflammatory or apoptotic signaling occurring in the ner-
vous system. We now demonstrate that NGF activation of NF-«B
provides both survival and differentiation signals in pheochromo-
cytoma 12 (PC12) cells. We further show that NF-«B induction
occurs via both TrkA and p75 activation. Although different mem-
brane proximal-signaling intermediates are involved, these distinct
pathways converge and commonly activate the IKK complex.

MATERIALS AND METHODS

Expression vectors and cell culture conditions. The expression constructs
IKKa K44M, IkBa S32A/S36A, TRAF6 AN 289-522, and Shc Y239F/
Y240F/Y317F have been described elsewhere (Thomas and Bradshaw,
1997; Geleziunas et al, 1998). The PDGFR/TrkA and PDGFR/p75 chi-
meras are described below (Fig. 1). Ecdysone-responsive (EcR) PCI12 cell
clones containing the hemagglutinin-IkBa S32A/S36A (HA-IkBa SS/AA)
c¢DNA in the pIND vector (Invitrogen) were selected with Hygromycin
(Life Technologies). All cells were cultured at 37°C in 5% CO,. Parental
PC12 cells and the PC12 cell clones stably transfected with the chimera
were cultured in DMEM supplemented with 10% horse serum prepared
from platelet-poor plasma (Sigma), 5% plasma-derived fetal calf serum
(Cocalico), and 1% penicillin—streptomycin (Life Technologies). 293T
cells were cultured in DM EM supplemented with 10% fetal bovine serum
and 1% penicillin—streptomycin. Approximately 1.5 X 10° 293T cells in 10
cm tissue culture dishes were transfected with plasmid DNA (10 ug) by the
use of the calcium phosphate method. Approximately 2.5 X 10° PC12 cells
per well of a six-well dish were transfected with plasmid DNA by the use
of lipofectin reagent (Life Technologies). PC12 cell differentiation was
assessed by plating cells on collagen-coated eight-well culture slides (Fal-
con), followed by stimulation with media, mouse NGF (50 ng/ml; Sigma),
human PDGF-BB (50 ng/ml; Austral), mouse TNFa (20 ng/ml; Sigma),
and/or ecdysone (Ecd) (5 um; Invitrogen) for 24 hr. The cells, expressed as
percentages, displaying neurite extension greater than two cell bodies in
length were scored as positives.

NF-kB reporter assay. NF-kB-mediated luciferase production from a kB
reporter plasmid (pNF«B-Luc) containing five kB enhancer sites (Strat-
agene) was measured 24 hr after transfection by the use of an enhanced
luciferase assay and a Microbeta 1450 Trilux luminescence counter (Wallac
Company). To permit normalization of luciferase values, all transfections
included a pRC-B-actin LacZ plasmid (obtained from M. Karin, Univer-
sity of California, San Diego).

Electrophoretic mobility shift assay. Nuclear extracts were prepared, and
electrophoretic mobility shift assays were performed with a consensus kB
oligo (GGGGACTTTCCC) as a probe (Santa Cruz Biotechnology). For
supershift assays, p65, p50, and p52 antibodies were purchased from Santa
Cruz Biotechnology.

Immunoprecipitation and immunoblotting analyses. PC12 cells containing
or lacking the PDGFR/TrkA or PDGFR/p75 expression vectors were
stimulated with NGF (50 ng/ml), PDGF (50 ng/ml), or TNFa (20 ng/ml).
The cells were washed with PBS and lysed in the following buffer: 1%
NP-40, 50 mm HEPES, pH 7.4, 250 mm NaCl, 5 mm EDTA, 10% glycerol,
0.5 mm DTT, 2 pg/ml aprotinin, 1 pg/ml leupeRtm and 1 mMm PMSF.
Cleared lysates were incubated with goat anti-p75 polyclonal antibod-
ies (Santa Cruz Biotechnology) or anti-TrkA monoclonal antibody (Santa
Cruz Biotechnology) and precipitated with protein G or protein A agarose
(Santa Cruz Biotechnology). The immunoprecipitates were then subjected
to SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) mem-
branes, and immunoblotted. Chimeras were detected with an anti-
PDGFRp antibody (Transduction Laboratories), FLAG-tagged TRAF6
constructs were detected with anti-FLAG antibodies (Santa Cruz Biotech-
nology), glutathione S-transferase (GST)-Shc was detected with anti-She
antibodies (Santa Cruz Biotechnology), HA-tagged IkBa SS/AA was de-
tected with anti-HA antibodies (Berkeley Antibody Company), and Syn-
apsin II and Bcl-x were detected with antibodies purchased from Trans-
duction Laboratories.

Kinase assay. Stably transfected, chimera-expressing PCI12 cells were
stimulated for 10 min with medium, NGF (50 ng/ml), PDGF (50 ng/ml), or
TNFa (20 ng/ml) and then lysed as described above. Lysates were immu-
noprecipitated with either rabbit polyclonal anti-IKKa (H744), which
cross-reacts with IKKp, or rabbit polyclonal anti-JNK (Santa Cruz Bio-
technology) and protein A-Sepharose (Pharmacia). The immune com-
plexes were washed three times in lysis buffer and once in kinase buffer,
resuspended in 20 ul of kinase buffer (20 mm HEPES, pH 7.4, 2 mm
MnCl,, 10 mM MgCl,, 25 mM glycerol-2-phosphate, 0.1 mM NazVO,, 4 mm
NaF, 1 mm DTT and 20 um ATP), and incubated for 30 min at 30°C with
5 }LCI of [y-? P]ATP (6000 Ci/mmol) and 1 ug of recombinant GST-IkBa
(1-62) or GST-c-Jun (1-79) (Santa Cruz Biotechnology) added as exoge-
nous substrate. The kinase reactions were terminated by the addition of
SDS-PAGE sample buffer. The samples were analyzed by SDS-PAGE,
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Figure 1. Schematic summary of the PDGF receptor-based chimeras used
to selectively activate TrkA- and p75-signaling programs in PC12 cells. The
extracellular, transmembrane (7M), and intracellular domains are indi-
cated. The TrkA monomer is represented as an open box, and its tyrosine
kinase domain is depicted by hatching. The p75 monomer is represented as
a cross-hatched box, and its death domain is indicated. The PDGFR-based
chimeras were generated by fusing the extracellular domain (black box) of
hPDGFRp to the transmembrane/intracellular domains of TrkA or p75
at the amino acid positions indicated. The resulting PDGFR/TrkA and
PDGFR /p75 chimeras were introduced into PC12 cells by retroviral vector-
mediated infection, and PC12 cell lines stably expressing each were gener-
ated. Immunostaining confirmed expression of both receptor chimeras;
PDGFR/p75 was consistently expressed at twofold to threefold higher
levels than was PDGFR/TrkA.

transferred to PVDF membranes, and exposed to hyperfilm (Amersham).
The membranes were subsequently immunoblotted with either anti-IKKa
(H744) or anti-JINK (Santa Cruz Biotechnology) to determine the relative
amount of immunoprecipitated kinase. Activated ERK1/2 was measured
by immunoblotting lysates with an antibody specific for phosphorylated
ERK1/2 (New England Biolabs) and with anti-tubulin antibody (Calbio-
chem) to verify amounts of protein.

Apoptosis assay. PDGFR /p75-PC12 cells were stimulated with media,
TNFa (20 ng/ml), NGF (50 ng/ml), or PDGF (50 ng/ml) for 8 hr with or
without induction with Ecd (5 um) for 24 hr before the addition of the
agonists. Early during the process of apoptosis, membrane phospholipid
phosphatidylserine is translocated from the inner to the outer leaflet of the
plasma membrane and can be detected by the binding of annexin V-PE.
The vital dye 7-AAD, which is excluded from viable cells with intact
membranes, was used to exclude cells dying by necrosis (PharMingen).
Cells staining positive for annexin V-PE and negative for 7-AAD were
scored as apoptotic. Data were analyzed by flow cytometry using Cell-
Quest software.

Atlas ¢cDNA array. Atlas 1.2 rat cDNA arrays (Clontech) were used
according to protocol to assess the changes in gene expression after 18 hr
of stimulation with NGF (50 ng/ml) or PDGF (50 ng/ml) with or without
24 hr of pretreatment with Ecd (5 pum) to induce expression of IkBa
SS/AA. Experiments were performed in duplicate and analyzed by the use
of phosphorimaging.

RESULTS

Chimeric receptors permit selective activation of p75
and TrkA signaling: both receptors induce NF-«xB

NGF stimulates PC12 cells to differentiate into sympathetic neuron-
like cells and protects these cells from apoptosis under conditions of
stress (Greene and Tischler, 1976; Greene, 1978). Because both of
the NGF receptors TrkA and p75 are expressed on PC12 cells, we
sought to determine the individual contribution of each to differ-
entiation and cell survival, focusing on the role played by the
NF-«kB transcription factor. Chimeric receptors were prepared
containing the extracellular domain of the human PDGFR fused to
the transmembrane and intracellular domains of either TrkA or
p75 (Fig. 1). These chimeras were stably expressed in PC12 cells,
and the addition of PDGF to PC12 cells expressing PDGFR/TrkA
or PDGFR/p75 permitted selective activation of these receptor-
signaling programs in the absence of endogenous receptor stimu-
lation (PC12 cells do not normally express PDGFRs). For example,
PDGF stimulated significant neurite process formation in cells
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Figure 2. PDGF induces NF-«B activity in PC12 cells expressing the
PDGFR/TrkA and PDGFR/p75 chimeras. 4, A kB-luciferase reporter
plasmid (kB Luciferase) was cotransfected with a p-galactosidase reporter
plasmid into either wild-type (WT) PC12 cells, PDGFR/TrkA-PC12 cells,
or PDGFR/p75-PC12 cells. The cells were then stimulated with media,
TNFa (20 ng/ml), NGF (50 ng/ml), or PDGF (50 ng/ml) for 24 hr.
Luciferase activity was measured in the resultant lysates and normalized for
B-galactosidase activity to correct for differences in transfection efficiency
between the cultures. The fold induction for each sample was calculated
relative to the value obtained with cells cultured with media alone. Error
bars indicate the SD derived from triplicate samples. This experiment was
performed in duplicate with similar results. B, PCI2 cells expressing
PDGFR/TrkA or PDGFR/p75 were stimulated with media or PDGF (50
ng/ml) for 30 min, and nuclear extracts were prepared. The electrophoretic
mobility shift of a labeled consensus NF-«B-binding oligonucleotide was
measured. Antibodies against p65, p50, and p52 were tested for the ability
to recognize N F-kB/oligonucleotide complexes activated by PDGFR/TrkA
or PDGFR /p75. NF-«kB complexes and nonspecific (N. S.) bands are indi-
cated with arrows.

-+—N.S.

expressing PDGFR/TrkA but not in those expressing PDGFR /p75
(data not shown).

We analyzed the ability of the individual PDGFR/TrkA and
PDGFR /p75 chimeras to induce NF-«B. PC12 cells stably express-
ing these chimeras and wild-type PC12 cells were transiently trans-
fected with a kB-luciferase reporter plasmid and stimulated for 24
hr with PDGF, NGF, or TNFa (Fig. 24). These cells were also
cotransfected with a B-galactosidase expression vector to control
for differences in transfection efficiency. Addition of PDGF to cells
expressing PDGFR/TrkA or PDGFR /p75 produced a threefold to
fourfold induction of the «B-luciferase reporter activity measured
at 24 hr. This response was comparable in magnitude to the NF-«xB
response obtained in PC12 cells stimulated with NGF. Addition of
TNFea induced an ~10-fold increase in kB-luciferase activity in all
of the PC12 cell lines. Although previous studies had only impli-
cated p75 in NGF-stimulated NF-«B activation (Carter et al.,
1996), our findings demonstrate that both TrkA and p75 activate a
signaling pathway leading to NF-«B induction. Furthermore, in gel
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shift assays both TrkA and p75 receptors induced nuclear translo-
cation of both p50 and p65, components of the prototypic NF-«B
complex. In addition, p75 induced not only p50 and p65 but p52 as
well (Fig. 2B).

Cytoplasmic NF-«B has been proposed to translocate to the
nucleus only after I«B is phosphorylated, ubiquitinated, and de-
graded in the 26 S proteasome (Finco et al., 1994; Brockman et al.,
1995; Brown et al., 1995; Chen et al., 1995; Scherer et al., 1995;
Traenckner et al, 1995; Whiteside et al., 1995; Sun et al., 1996).
The kinases responsible for cytokine-induced IkB phosphorylation
have been identified recently as IKKa and IKKB (DiDonato et al.,
1997; Mercurio et al., 1997; Regnier et al., 1997; Zandi et al., 1997).
However, it is unknown whether these kinases participate in the
NGF response involving either TrkA or p75. Chimera-expressing
PC12 cells were stimulated with PDGF, NGF, or TN Fa for 10 min,
and we assessed the activity of endogenous IKK in in vitro kinase
assays using GST-IkBa (1-62) as an exogenous substrate (Fig. 3).
Stimulation of the chimera-expressing PC12 cells with TNFa pro-
duced a 10- to 15-fold induction of IKK activity (Fig. 34,B). NGF
also increased IKKa activity twofold to fourfold. Selective activa-
tion of PDGFR/TrkA- or PDGFR /p75-expressing PC12 cells with
PDGF induced a twofold to fourfold activation of endogenous
IKK, consistent with the results of the kB-luciferase reporter assay.

While commonly activating NF-«B, the TrkA and p75 receptors
also induced distinct signaling programs. For example, the PDGFR/
TrkA chimera, but not the PDGFR /p75 chimera, effectively acti-
vated the ERK1/2 kinase (Fig. 3C). Conversely, the PDGFR/
p75 chimera, but not the PDGFR/TrkA chimera, activated the
c-Jun N-terminal kinase (JNK) (Fig. 3D). Thus, TrkA ligation
activates both IKK and ERK, whereas stimulation of p75 activates
IKK and JNK.

Dominant-negative signaling mutants selectively block
PDGFR/TrkA and PDGFR/p75 induction of NF-xB

The effects of various NF-«B pathway inhibitors were next inves-
tigated in the chimera-expressing PC12 cell lines (Fig. 4). Transient
expression of a “super-repressor” form of IkBa SS/AA in either the
PDGFR/TrkA- or PDGFR/p75-expressing PC12 cells potently
blocked PDGF-induced NF-«B activation. Because of the alanine-
to-serine substitutions at residues 32 and 36, this IkBa mutant does
not undergo the regulatory N-terminal phosphorylation required
for subsequent ubiquitination and proteasome-mediated degrada-
tion (Beg et al., 1993; Brown et al., 1993, 1995; Finco et al., 1994;
Chen et al., 1996). Similarly, the introduction of a kinase-deficient
mutant of IKKa K44M effectively blocked the induction of B-
luciferase activity in cells stimulated via either the PDGFR/TrkA
or the PDGFR /p75 receptors (Fig. 4). Thus, two distal components
of the NF-«kB-signaling pathway, IkBa and IKK, appear to be
commonly involved in the induction of this transcription factor via
either the TrkA or the p75 pathway.

The TrkA and p75 receptors use different proximal-
signaling components to induce NF-«xB

Previous studies have implicated Shc and TRAF6 as important
proximal-signaling intermediates in the NGF-induced TrkA and
p75 responses, respectively (Obermeier et al., 1994; Khursigara et
al.,, 1999; Ye et al,, 1999). To assess the potential role of these
proteins in the NF-«kB responses, we tested for the effects of
dominant-negative mutants of TRAF6 and Shc on chimera-
mediated kB-luciferase reporter activity after transient transfec-
tion. Introduction of an N-terminal truncation mutant of TR AF6,
which removes its RING finger (TRAF6 AN 289-522), specifically
blocked PDGFR/p75 activation of NF-kB but exerted essentially
no effect on PDGFR/TrkA-mediated induction of NF-«B (Fig. 4).
In contrast, a dominant-negative mutant of Shc (Shc YYY/FFF),
which cannot recruit elements of the Grb2/SOS/Ras pathway to the
TrkA receptor, effectively blocked NF-«B induction via the
PDGFR/TrkA chimera (Thomas and Bradshaw, 1997; Raffioni et
al., 1999). In contrast, this Shc mutant exerted no inhibitory effects
on NF-«B signaling via the PDGFR /p75 chimera (Fig. 4). These
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Figure 3. Both TrkA and p75 activate endogenous A
IKK activity but differentially stimulate ERK and JNK
kinase activity. PC12 cells expressing PDGFR/TrkA or
PDGFR/p75 were stimulated with media, NGF (50
ng/ml), TNFa (20 ng/ml), or PDGF (50 ng/ml) for 10
min, and cellular lysates were prepared. 4, B, IKK was
immunoprecipitated from each lysate, suspended in ki-
nase buffer, and subjected to an in vitro kinase assay
using GST-IkBa (1-62) as an exogenously added sub- B
strate. Samples were analyzed by SDS-PAGE for evi-
dence of phosphorylation of GST-IkBa (1-62) (GST-
IkBa ®) ‘and immunoblotted (IB) with anti-IKKa
antibodies to confirm the presence of comparable
amounts of kinase (a-/KKa) in each reaction. C, After
stimulation, lysates from PDGFR/TrkA-PC12 cells or
PDGFR /p75-PC12 cells were subjected to immunoblot-
ting with antibodies specific for phosphorylated ERK
(a-ERK1/2 ") and with anti-tubulin antibodies to as-
sess the comparability of protein (a-Tubulin) in the
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assay using c-Jun as an exogenously added substrate. After exposure, the blot was probed with anti-JNK antibody to determine the levels of kinase (a-/NK)
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Figure 4. NF-«B induction by the PDGFR/TrkA and PDGFR/p75 chi-
meras involves distinct proximal-signaling components. PC12 cells stably
expressing either the PDGFR/TrkA or PDGFR/p75 chimeras were tran-
siently cotransfected with kB-luciferase, B-galactosidase reporters, and ei-
ther 0.1 or 0.5 ug of expression plasmids encoding the IkBa S32/S36
(SS/AA) mutant, a kinase-deficient mutant of IKKa K44M, or dominant-
negative mutants of TRAF6 AN 289-522 or Shc Y239F/Y240F/Y317F
(She YYY/FFF). The effects of the ectopically expressed proteins are
presented as a percentage of the PDGF-induced «B-luciferase normalized
for B-galactosidase activity occurring in stimulated cells transfected with
only the reporter vector and the appropriate empty vector DNA. Error bars
indicate the SD derived from triplicate samples. This experiment was
performed in duplicate with similar results.

findings implicate the action of distinct proximal-signaling compo-
nents in the p75 and TrkA responses leading to NF-«B activation.
We next studied whether TR AF6 selectively interacts with the
cytoplasmic tail of p75 and conversely whether Shce selectively binds
to TrkA (Fig. 5). When overexpressed in 293T cells, both TrkA and
p75 autoactivated independently of added ligand (data not shown).
TrkA was coexpressed with Shc or TR AF6, followed by the prep-
aration of lysates and immunoprecipitation of TrkA. Similarly p75
was coexpressed with She or TRAFG6, followed by the preparation
of lysates and immunoprecipitation of p75. Subsequent immuno-
blotting of these immunoprecipitates revealed coimmunoprecipita-
tion of Shc but not TR AF6 with TrkA. Conversely TR AF6 but not
Shc coimmunoprecipitated with p75 (Fig. 5). These findings dem-
onstrate differential recruitment of Shc and TRAF6 by the TrkA
and p75 receptor tails, thus confirming and extending the results
obtained with the dominate-negative Shc and TR AF6 mutants.

IkBa SS/AA expression enhances
PDGFR/p75-mediated apoptosis

Growing evidence indicates that NF-«B exerts antiapoptotic effects
in many cells and that a blockade of NF-kB activation is frequently
associated with enhanced programmed cell death (Beg et al., 1995;
Beg and Baltimore, 1996; Liu et al, 1996; Van et al., 1996; Tagli-
alatela et al., 1997; Li et al., 1999; Gentry et al., 2000). To assess the
potential role of NGF-induced NF-«B in preventing apoptosis, the
wild-type and chimera-expressing PC12 cell lines were stably trans-
fected with an expression vector encoding an Ecd-inducible (EcR)
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Figure 5. TrkA and p75 form distinct proximal-signaling complexes in-
volving Shc and TRAF6, respectively. 293T cells were transfected with
control vector or expression plasmids encoding TrkA or p75 alone or in
combination with GST-tagged Shc or FLAG-tagged TRAF6 and cultured
for 18 hr. Cell lysates were prepared and immunoprecipitated (/P) with
either anti-TrkA or anti-p75 antibodies. The resulting immunoprecipitates
were separated by SDS-PAGE and immunoblotted (/B) with anti-FLAG
(middle) or anti-Shc (bottom) antibodies to assess coimmunoprecipitation of
TRAFG6 and She, respectively. The same blot was reprobed with a mixture
of anti-TrkA and anti-p75 antibodies (fop) to determine the level of immu-
noprecipitated TrkA and p75. The arrows indicate that TR AF6, but not
She, was coimmunoprecipitated with p75, whereas Shc, but not TRAF6,
was coimmunoprecipitated with TrkA.

HA-tagged IkBa SS/AA mutant construct. The Ecd-inducible na-
ture of HA-IkBa SS/AA protein expression is shown in Figure 6A4’,
together with the expression levels of the PDGFR/p75 and
PDGFR/TrkA chimeras. In the PDGFR/p75-PC12 cell line, apo-
ptosis was assessed in the presence or absence of IkBa SS/AA
induction using annexin V labeling that detects exteriorized phos-
phatidylserine (an early marker of apoptosis) (Fig. 6B’). In the
absence of IkBa SS/AA induction, the addition of either NGF (Fig.
6B'B) or PDGF (Fig. 6B’C) produced no enhancement of annexin
V staining. However, after IkBa SS/AA induction, PDGF stimu-
lated a significant increase in annexin V staining indicative of
apoptosis (Fig. 6 B'F). Of note, NGF stimulation in cells expressing
IkBa SS/AA did not cause increased annexin V staining (Fig.
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PDGFR/TrkA PDGFR/p75
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Figure 6. Ecd-induced expression of IkBa SS/AA en- _
hances PDGF-induced apoptosis in PDGFR/p75- B
expressing cells. 4’, Wild-type (WT) PC12 cells or cells A

expressing the PDGFR/p75 or PDGFR/TrkA chime-
ras in combination with the EcR, HA IkBa SS/AA
mutant were incubated with Ecd (5 um) for 24 hr. Cell
lysates were separated by SDS-PAGE and analyzed by
immunoblotting (/B) with anti-PDGFR antibody to
determine the levels of PDGFR/TrkA and PDGFR/
p75 chimeras (a-PDGFR) and with anti-HA to assess
the level of inducible IkBa SS/AA (a-HA) in each cell
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line. B’, The effect of expression of IkBa SS/AA on
PDGFR /p75-mediated PC12 cell survival was measured
by annexin V staining and flow cytometric analysis.
Cells expressing PDGFR/p75 in combination with the
EcR, HA IkBa SS/AA mutant were incubated in media
or Ecd and compared with those also stimulated with
NGF or PDGF. The baseline staining profile for cells
stimulated with Ecd (5 uwm; 24 hr) or media alone is
shown in the shaded curve, whereas the profile of those
cells also stimulated with NGF (50 ng/ml) or PDGF (50
ng/ml) for an additional 8 hr is shown by the solid line.

Cell Number

6B'E), likely reflecting antiapoptotic signaling via TrkA. Accord-
ingly expression of IkBa SS/AA before PDGFR/TrkA stimulation
did not lead to apoptosis (data not shown).

NF-kB activity is required for the full neurite process
formation response mediated via the TrkA receptor

The potential participation of NF-«B in the neurite process for-
mation response occurring in PC12 cells was assessed in the
PDGFR/TrkA cell line engineered for Ecd-inducible expression of
the IkBa SS/AA mutant. These cells were either not induced or
induced to express IkBa SS/AA for 24 hr before NGF or PDGF
stimulation. After 24 hr of culture with media, NGF, or PDGF, the
percentage of cells displaying processes extending greater than two
cell bodies in length was determined. Stimulation with either NGF
or PDGF induced neurite process formation in 55-60% of the cells
(Fig. 74, left). Ecd-induced expression of IkBa SS/AA alone did
not induce neurite process formation. However, in the presence of
NGF or PDGF, expression of the IkBa SS/AA mutant consistently
suppressed neurite process formation by ~50%.

Because the levels of IkBa SS/AA induced by Ecd in these PC12
cells were only sufficient to inhibit 60-70% of NGF-mediated
kB-luciferase activity (Fig. 74, right), it remained unclear whether
NF-«B was essential for neurite process formation. To explore this
possibility further, we transiently transfected PDGFR/TrkA cells
with expression plasmids encoding IkBa SS/AA, green fluorescent
protein (GFP) to mark transfected cells, and kB-luciferase to assess
the degree of inhibition produced by the IkBa SS/AA mutant (Fig.
7B). We observed that the IkBa SS/AA mutant blocked neurite
process formation by ~65% (Fig. 7B, left) under conditions in
which kB-luciferase induction was completely inhibited (Fig. 7B,
right). Together these results suggest that NF-«B can significantly
contribute to the neurite process formation mediated via TrkA but
is not absolutely required for this response.

NF-kB-dependent differential gene activation by TrkA
and p75

Because of the seemingly divergent biological responses elicited by
TrkA and p75, we explored NF-kB-dependent differential gene
activation by TrkA and p75. Using Atlas cDNA arrays, we com-
pared the mRNA expression profile from our cell lines under
different induction conditions. Cells were treated with NGF (50
ng/ml for 18 hr) with or without previous IkBa SS/AA induction (5
uM Ecd for 24 hr). Furthermore, PDGFR/TrkA- and PDGFR /p75-
expressing cell lines were treated with PDGF (50 ng/ml for 18 hr)
in the presence or absence of IkBa SS/AA expression. Table 1 lists

E + Ecd + NGF F +Ecd + PDGF

10° 104 100 101
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the genes that were induced by NGF at levels greater than threefold
above background and that were also responsive to either PDGFR/
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Figure 7. Blocking NF-«B activation prevents neurite formation in PC12
cells. 4, PC12 cells expressing PDGFR/TrkA in combination with the EcR
HA-1IkBa SS/AA were treated with media or stimulated with Ecd (5 um)
for 24 hr and then stimulated for an additional 24 hr with NGF (50 ng/ml)
or PDGF (50 ng/ml). Left, The bars indicate the percentage of cells with
neurites greater than two cell bodies in length. Right, The bars measure
NF-«kB-mediated kB-luciferase activity in parallel experiments. B, PC12
cells expressing PDGFR/TrkA were cotransfected with pCM V4-HA-IkBa
SS/AA or pCM V4 vector, in combination with pEGFP, pNF«B-Luc, and
pRC-B-actin LacZ. The following day, the cells were stimulated for 24 hr
with media, NGF (50 ng/ml), or PDGF (50 ng/ml). Left, The bars indicate
the percentage of GFP-positive cells with neurites greater than two cell
bodies in length. Right, The effect of pCM V4-HA-IkBa SS/AA or pPCMV
on NGF- or PDGF-mediated kB-luciferase activity is represented. Error
bars for the neurite assays are derived from the data collected by scoring at
least 300 cells in three fields. Error bars for the kB-luciferase assays indicate
the SD derived from quadruplicate samples.
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Table 1. Genes induced by NGF that are also responsive to either
PDGFR/TrkA or PDGFR/p75

PDGFR/TrkA-stimulated gene PDGFR /p75-stimulated gene

expression expression
Fold Encoded Fold

Encoded protein induction  protein induction
Bel-x* 4.1 Bel-x* 4.5
GST=* 5.5 GST=* 5
Clusterin 59 Clusterin 32
Secretogranin 33 Secretogranin 3.1
Neuron-specific Neuron-specific

enolase 6.4 enolase 5.1
NGF-inducible protein

(VGF8A) 45.7
Synapsin IT* 3.1
UPAR 23.8
Neuromodulin* 52
Acetylcholine receptor -2 3.5
Cdk4 0.5)

*IkBa SS/AA decreases expression by >50%.

TrkA or PDGFR/p75. As indicated, a subset of these genes was
downregulated (>50%) by expression of IkBa SS/AA. To confirm
aspects of the cDNA array data presented in Table 1, we examined
expression of Bcl-x and Synapsin II genes at the protein level.
Figure 8 demonstrates that NGF treatment and PDGF stimulation
of PDGFR/TrkA- or PDGFR/p75-expressing cells increase the
level of Bcl-X and that this upregulation was blocked by previous
expression of IkBa SS/AA. In contrast only NGF treatment and
PDGF stimulation of PDGFR/TrkA-expressing cells led to en-
hancement of Synapsin II protein production. This response was
significantly inhibited by previous expression of IkBa SS/AA.

DISCUSSION

Previous studies suggest that activation of TrkA leads to neurite
process formation, whereas activation of p75, a TNF receptor
superfamily member, promotes apoptosis. Using PDGFR-based
chimeras that allow selective activation of the TrkA- and p75-
signaling programs, we now demonstrate that both receptors effec-
tively induce NF-«B activity. When TrkA-mediated activation of
NF-«B is blocked by the expression of a nondegradable form of
IkBa (IkBa SS/AA), neurite process formation is significantly, but
not completely, impaired. These findings suggest a role for NF-«xB
in this neuronal differentiation response but also indicate that
NF-«B induction is not absolutely essential for neurite process
formation. Conversely, inhibition of p75-mediated NF-«B signaling
with the IkBa SS/AA mutant significantly increases apoptosis.
Thus NF-kB induction generated by signaling via p75 exerts an
antiapoptotic effect that opposes a death pathway also activated by
ligation of the p75 receptor. Such a dual function for the p75
neurotrophin receptor is reminiscent of signaling properties found
in the TNFR1 receptor and likely provides for a finer intracellular
control of these opposing functions.

NF-kB plays a role in both neuronal function
and dysfunction

NF-«B activation accompanies hypoxic ischemia, spinal cord in-
jury, excitatory stimuli, and neurodegenerative conditions such as
Alzheimer’s disease (Kaltschmidt et al., 1993; Mattson, 1998).
NGF induces NF-kB, and this neurotrophin is pivotal to the
normal development, function, and maintenance of cells in the
nervous system. Although it typically promotes neuronal survival
and development, NGF produces cell death in some neurons (Da-
vies, 1997). In many neuronal cell types, the mere presence of p75
receptors is not sufficient for programmed cell death (Barret and
Bartlett, 1994). Rather signaling via the prosurvival /prodifferentia-
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Figure 8. Ecd-induced expression of IkBa SS/AA prevents full PDGF-
induced expression of Bcl-x and Synapsin II in PDGFR/p75- and PDGFR/
TrkA-expressing cells. Cells expressing the PDGFR /p75 or PDGFR/TrkA
chimeras in combination with the Ecd-inducible, HA-tagged IkBa SS/AA
mutant were incubated with or without Ecd (5 uM) for 24 hr and then
stimulated with either NGF (50 ng/ml) or PDGF (50 ng/ml) for an addi-
tional 18 hr. Cell lysates were separated by SDS-PAGE and analyzed
by sequential immunoblotting (/B) with anti-Bcl-x (top), anti-Synapsin II
(middle), and anti-tubulin (bottom) to assess the relative level of indicated
protein in each cell line under the conditions described.

tion Trk also occurs and is usually dominant over the potential
death signals emanating from p75. Even when p75 is expressed
alone, apoptosis is not the sole outcome of NGF engagement of
this receptor (Barret and Bartlett, 1994; Ladiwala et al., 1998). For
example, in adult human oligodendrocytes only expressing p75,
NGF does not induce apoptosis. Instead, NF-«B is induced and
viability is preserved (Ladiwala et al., 1998). These findings under-
score the ability of p75 to induce both cell survival and cell death
signals. In agreement with this dual function of p75, mice lacking
p75 exhibit both decreased target innervation in the sympathetic
system as well as overall increases in hippocampal cholinergic
innervation (Lee et al., 1992; Yeo et al, 1997). In addition to
inducing NF-kB, p75 also stimulates the stress-activated kinase
JNK and possibly the caspase-mediated cell death machinery.
Depending on the overall balance of signaling via the NF-«B,
JNK, and caspase pathways, a p75-expressing neuron may survive
or die in the presence of a neurotrophin. Our studies indicate that
NF-«B signaling via p75 plays an important role in preventing
apoptosis. When p75 is expressed together with the TrkA receptor,
it may also facilitate neurotrophic function by increasing the affin-
ity of NGF binding to the TrkA receptor (Benedetti et al, 1993;
Barker and Shooter, 1994).

In both neuronal cell injury and the selective degeneration of
cholinergic basal forebrain neurons that characterizes Alzheimer’s
disease, the overall levels of TrkA decline, whereas p75 and target-
derived NGF levels increase (Mufson et al., 1996). These altered
expression patterns may shift the balance of signaling toward the
death pathway, particularly if the NF-«B response is downregu-
lated by other cellular signals. Thus, the composite of NGF signal-
ing via the functionally distinct TrkA and p75 determines the
biological outcome; however, the NF-kB signal generated from
both receptors exerts neuroprotective effects.

TrkA and p75 signaling activates NF-«B via distinct but
convergent pathways

Our studies demonstrate that, although ligand activation of either
TrkA or p75 receptors effectively induces NF-«B, the proximal-
signaling intermediates induced by these receptors are quite dis-
tinct. In the case of TrkA, a dominant-negative mutant of the Shc
adaptor effectively blocks NF-«B activation but does not inhibit
p75-mediated activation of NF-«B. Conversely, in the case of p75,
a dominant-negative mutant of TRAF6 effectively inhibits the
NF-«B response but fails to alter this response occurring via TrkA.
Although the proximal-signaling components differ, the TrkA- and
p75-signaling pathways commonly activate the IKK complex, indi-
cating a distal convergence of these signaling pathways. It remains
to be defined how TrkA- and p75-signaling pathways connect to the
IKKs. Several MAP3Ks as well as PKCs, pp90®5¥, and Akt are
candidates under active study.
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Both TNFR and p75 activate JNK. In contrast, TrkA is not a
potent activator of this signaling pathway but readily activates the
ERK1/2 pathway (Traverse et al., 1992). INK is a stress-activated
protein kinase with homology to the ERKs that is induced by a
primarily distinct set of signals, including ultraviolet light and
proinflammatory stimuli. JNK activation is associated with neuro-
nal cell death and may oppose ERK signaling (Herdegen et al.,
1997). As such the relative balance between ERK and JNK activ-
ities likely plays an important role in determining the ultimate fate
of NGF-stimulated cells (Xia et al., 1995). Although not tested
directly in this study, cross-talk between p75 and TrkA is a possi-
bility that warrants further investigation. As with most signaling
pathways, however, the outcome of JNK or ERK stimulation
depends on the cell type and other environmental cues. Sustained
ERK activation appears to be a necessary but insufficient step for
differentiation and neurite process formation in PC12 cells (Tra-
verse et al., 1992; Cowley et al., 1994; Marshall, 1995; Vaillancourt
et al.,, 1995). Our current studies suggest that NF-«B facilitates
PC12 cell differentiation, but NF-«B induction alone, like ERK
activation, is not sufficient to induce neurite process formation.
These findings likely explain the lack of neurite process formation
in TNFa-stimulated PC12 cells that display high levels of NF-«xB
activation. It is also possible that TNFa specifically inhibits this
differentiation program independently of its effects on NF-«B.

Demonstration of NF-kB-dependent differential gene activation
by TrkA and p75 would help explain mechanistically the observed
divergent biological responses. Using cDNA arrays and immuno-
blotting, we found that few, if any, gene transcripts are completely
regulated by NF-«B based on expression of IkBa SS/AA. Rather,
the differences are quantitative. More predictably, the arrays of
genes activated by TrkA and p75 are qualitatively different and yet
exhibit significant overlap. For example, the NF-«B-responsive
Bcl-x protein is induced by both TrkA and p75 and prevents
apoptosis in the nervous system (Motoyama et al., 1995). In con-
trast, only TrkA chimera activation or stimulation of PC12 cells
with NGF is able to increase Synapsin II expression. Synapsin II is
exclusively expressed in neurons and plays an important role in
synaptic plasticity (Greengard et al., 1993).

Our current work describes a role for NGF-mediated NF-«B
activation in both neuronal survival and differentiation and raises
the possibility that NF-«kB may play a central role in determining
the outcome of various neuronal cell responses to developmental
cues, plasticity, pain, and possibly neurodegeneration.
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