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Although nerve growth factor (NGF) promotes survival of neurons, tumor necrosis factor & (TNF-a) contributes to cell
death triggered by NGF depletion, through TNF-a receptor (TNFR) 1. In contrast to this effect, TNF-a can promote neural
cell survival via TNF-a receptor TNFR2. Although these findings demonstrate pivotal roles of TNF-a and NGF in cell fate
decisions, cross-talk between these signaling pathways has not been clarified. We find that NGF can induce TNF-«
synthesis through the nuclear factor-kB transcription factor. This provides a new basis for examining the cross-talk
between NGF and TNF-a. Inhibition of TNFR2 shows opposite effects on two downstream kinases of NGF, extracellular
signal-regulated kinase (Erk) and Akt. It increases Erk activation by NGF, and this increased activation induces
differentiation of neuroblastoma cell lines. Reciprocally, inhibition of TNFR2 decreases Akt activation by NGF. Consis-
tent with an essential role of Akt in survival signaling, inhibition of TNF-a« signaling decreases NGF-dependent survival
of neurons from rat dorsal root ganglia. Thus, NGF and NGF-induced TNF-a cooperate to activate Akt, promoting survival
of normal neural cells. However, the NGF-induced TNF-a suppresses Erk activation by NGF, blocking NGF-induced
differentiation of neuroblastoma cells. TNFR2 signaling could be a novel target to modulate cell responses to NGF.

INTRODUCTION

Nerve growth factor (NGF) is a neurotrophin that can in-
duce at least two major responses in neural cells (Huang and
Reichardt, 2001, 2003). NGF induces differentiation of rat
pheochromocytoma PC-12 cells into terminally differenti-
ated neuron-like cells in vitro (Greene and Tischler, 1976).
Activation of the mitogen-activated protein kinase kinase
(MEK)-extracellular signal-regulated kinase (Erk) pathway
is responsible for the differentiation of PC-12 cells (Qui and
Green, 1992). However, it is uncertain whether NGF can
contribute to neural cell differentiation under normal condi-
tions of development. First, mice lacking the NGF receptor
gene, TrkA, still show normal differentiation of neurons,
although the differentiated neurons in these mice contain
lower amounts of acetylcholine and gradually disappeared
(Fagan et al., 1997; Schober et al., 1997). Second, expression of
NGEF receptors starts at the late phase of neural differentia-
tion (Wyatt and Davies, 1993, 1995; v Holst et al., 1997).
These reports suggest that NGF might not contribute to
early neural cell differentiation during normal development.

Furthermore, NGF promotes survival and maturation of
several types of neurons, including sympathetic and sensory
neurons in the peripheral nervous system, and cholinergic
neurons of both the basal forebrain and the striatum in the
CNS (Huang and Reichardt, 2001, 2003). NGF is secreted
from target tissues during development, and neurons extend
neurites in the direction of the secreted NGF. Although
excessive numbers of neurons are produced during devel-
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opment, only neurons that obtain a sufficient level of NGF
can survive and interact with the target tissues (Fagan et al.,
1997; Huang and Reichardt, 2001, 2003; Sofroniew et al.,
2001). Activation of the phosphatidylinositol 3-kinase-Akt
signaling pathway by NGF contributes to this NGF-depen-
dent survival (Datta et al., 1999).

However, neurons that fail to obtain a sufficient level of
NGF during development die through an apoptotic path-
way (Fagan et al., 1997; Huang and Reichardt, 2001, 2003;
Sofroniew ef al., 2001). Tumor necrosis factor « (TNF-a) is a
cytokine that contributes to this neural cell death (Barker et
al., 2001). Barker et al. (2001) show that TNF-a is expressed in
neurons that depend upon NGF for their survival. The en-
dogenous TNF-a does not kill neurons in the presence of
NGEF. However, when NGF is withdrawn, the endogenous
TNF-a shows cytotoxic effects on neurons through TNF-«
receptor (TNFR) 1.

Contrary to the cytotoxic effects of TNF-a through TNFR1,
there is substantial evidence showing that TNF-a can pro-
mote neural cell survival through another TNF-a receptor,
TNFR2. Knockdown of TNFR2 sensitizes a neuroblastoma
cell line to cell death initiated by p-amyloid (Shen et al.,
1997). Hippocampal neurons isolated from TNFR2-deficient
mice are more sensitive to TNF-a-induced cell death than
the neurons from normal mice (Yang et al., 2002). Further-
more, TNFR2 signaling is required for both survival of ret-
inal neurons from ischemia-reperfusion (Fontaine et al.,
2002) and survival of cortical neurons from glutamate-in-
duced excitotoxicity (Marchetti ef al., 2004). In addition to
the NGF-dependent survival of neurons, activation of Akt is
associated with TNFR2-mediated survival of neurons (Fon-
taine et al., 2002; Marchetti et al., 2004). These results indicate
that TNF-a could contribute to survival of neurons through
TNFR2 at least under some conditions, although TNF-«
shows cytotoxic effects on neurons through TNFR1 in the
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absence of NGF (Barker et al., 2001). Effects of endogenous
TNF-a on neurons in the presence of NGF are still unknown.

We find that NGF induces TNF-a synthesis in both neu-
roblastoma cells and normal neural cells in vitro. This find-
ing provides a new basis for examining the effects of endog-
enous TNF-a on NGF signaling. Our data indicate that
endogenous TNF-« inhibits NGF-dependent differentiation,
but it supports NGF-dependent survival.

MATERIALS AND METHODS

Materials

NGF, murine TNF-a, and human TNF-a were purchased from Merck Bio-
sciences (Darmstadt, Germany). Small interfering RNA (siRNA) against
TNFR2 (GGGUGAUAAAUUGUUGAUA) was purchased from Ambion
(Austin, TX). Neutralizing anti-human TNF-a monoclonal antibody (mAb),
anti-rat TNF-a mAb, anti-human TNFR2 mAb, and anti-human TNFR1 mAb
were purchased from R&D Systems Europe (Abingdon, Oxfordshire, United
Kingdom). Anti--tubulin III was purchased from Sigma Chemical (Poole,
Dorset, United Kingdom). The 80M2 anti-TNFR2 mAb was purchased from
Hycult Biotechnology (Uden, The Netherlands). Anti-phospho-specific
p140v*A, anti-Erk1/2, anti-phospho-specific Erk1/2, and anti-phospho-spe-
cific Akt were purchased from Cell Signaling Technology (Danvers, MA).
Antibody against Akt and antibody against p140t&A were purchased from
Millipore (Billerica, MA). Antibody against growth-associated protein-43
(GAP-43) was purchased from Merck Biosciences. SH-SY5Y, BE(2)-C PC-12,
and HCN-1A cell lines were purchased from American Type Culture Collec-
tion (Manassas, VA). Neurons from postnatal day 5 rat dorsal root ganglia,
primary neuron basal media, L-glutamine, and NSF-1 supplement were pur-
chased from Lonza Verviers (Verviers, Belgium). DMEM, Ham’s F-12 me-
dium, and Alexa Fluor 488-labeled phalloidin were purchased from Invitro-
gen (Paisley, United Kingdom). Nuclear factor (NF)-«B activation inhibitor
6-amino-4-(4-phenoxyphenylamino) quinazoline and Akt inhibitor, 1-(r)-6-
hydroxymethyl-chiro-inositol-2-(R)-2-O-methyl-3-O-octadecylcarbonate were
purchased from Merck Biosciences. MEK inhibitor 1, 4-diamino-2, 3-di-
cyano-1, 4-bis[2-aminophenylthio]butadiene was purchased from Cell Signal-
ing Technology.

Cell Culture

SH-SY5Y, BE(2)-C, and HCN-1A cells were cultured in DMEM/Ham'’s F-12
containing 10% fetal bovine serum (FBS). These neural cells were treated with 10
ng/ml NGF. In some experiments, cells were pretreated for 1 h with the neu-
tralizing antibody against TNF-a« or TNFR2 (2 ng/ml), 80M2 mAb against
TNFR2, the Akt inhibitor (5 uM), the MEK inhibitor (10 uM), the NF-«B activa-
tion inhibitor (1 uM), mouse TNF-a (0.5 ng/ml), or human TNF-« (0.5 ng/ml), as
indicated in the figures. After addition of the neurotrophins, cells were cultured
for 24 h (for TNF-a expression) or 48 h (for neural differentiation).

For differentiation of HCN-1A, HCN-1A cells were cultured sequentially in
DMEM/Ham'’s F-12 containing 5% FBS, 25 ng/ml NGF, 0.5 mM dibutyryl
cyclic AMP (dbcAMP), and 0.5 mg/ml 3-isobutyl-1-methylxanthine (IBMX)
for 3 d and in DMEM/Ham’s F-12 containing 2% FBS, 25 ng/ml NGF, 0.5 mM
dbcAMP, and 0.5 mg/ml IBMX for another 3 d. After the 6-d culture, cells
were washed with DMEM/Ham'’s F-12 medium without serum, and they
were used for cell survival assay. PC-12 cells were cultured in DMEM con-
taining 5% FBS and 10% horse serum.

Neurons from postnatal day 5 rat dorsal root ganglia (DRG) were seeded
(5000 cells/well) into 96-well plates coated with poly-p-lysine and laminin
and cultured in primary neuron basal media containing 2 mM L-glutamine,
1% NSF-1 supplement, 17.5 ug/ml uridine, and 7.5 ug/ml 5-fluoro-2-de-
oxyuridine without serum according to the manufacturer’s recommendation.
Medium was changed every 4 d. On day 10, cells were washed with primary
neuron basal media without NSF-1 supplement and incubated in medium
containing 2 mM L-glutamine with or without NGF (25 ng/ml) and the
neutralizing antibody against rat TNF-« (5 ng/ml).

siRNA Transfection

To transfect double-stranded siRNA, silmporter (Millipore) was used. Trans-
fection was performed according to the manufacturer’s suggestions.

Immunoblotting

Cells were washed with phosphate-buffered saline (PBS) twice and resus-
pended in buffer containing 20 mM Tris-HCI, pH 8.0, 500 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 2 mM dithiothreitol, and phosphatase inhibitor cocktail
(Sigma Chemical). After incubation for 15 min on ice, samples were centri-
fuged at 14,000 X g for 20 min at 4°C. The supernatants containing 40 ug of
proteins were analyzed by SDS-polyacrylamide gel electrophoresis and blot-
ted to poly(vinylidene difluoride) (PVDF) membrane. The PVDF membrane
was incubated in blocking buffer containing 5% skimmed milk, 0.2% NP-40 in
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PBS for 1 h, first antibody diluted in the blocking buffer as indicated in figures,
and appropriate secondary antibody labeled with horseradish peroxidase.
Bound antibodies were visualized with enhanced chemiluminescence (ECL)
or ECL Plus kits (GE Healthcare, Chalfont St. Giles, United Kingdom).

Immunostaining

Cells were washed twice with PBS and incubated with 2% paraformaldehyde
in PBS at room temperature for 30 min. Then, they were incubated with 2%
paraformaldehyde and 0.5% Triton X-100 in PBS at room temperature for 30
min. The fixed cells were washed with PBS and incubated with 3% bovine
serum albumin (BSA) and 0.5% Triton X-100 in PBS at room temperature for
30 min and with anti-B-tubulin III mouse mAb, 3% BSA, and 0.5% Triton
X-100 in PBS at 37°C for 2 h. After washing with PBS, cells were further
incubated with appropriate secondary antibody labeled with fluorescein isothio-
cyanate (FITC), 3% BSA, and 0.5% Triton X-100 in PBS at 37°C for 30 min. After
washing with PBS for three times, cells were mounted with VECTASHIELD
mounting medium with 4,6-diamidino-2-phenylindole (DAPI) (Vector Labo-
ratories, Peterborough, United Kingdom), and then they were observed with
confocal laser-scanning microscopy.

mRNA Isolation, cDNA Synthesis, and Quantitative
Polymerase Chain Reaction (PCR)

mRNA was purified from cells treated with or without 10 ng/ml NGF for 24 h
with MicropolyA mRNA isolation kit (Ambion). Purified mRNA was incu-
bated with DNase I with the DNA-free kit (Ambion) to eliminate contamina-
tion of genomic DNA. DNase-treated mRNA fractions containing 60 ng of
mRNA were used for cDNA synthesis. To synthesize cDNA, oligo(dT) and
Superscript II (Invitrogen) were used. SYBRA Green Quantitative PCR kit
(Invitrogen) and Rotor-Gene RG-3000 (Corbett Research, Westburg, The
Netherlands) were used to perform quantitative PCR of TNF-a cDNA or NGF
cDNA. In parallel to the quantitative PCR of TNF-a cDNA, quantitative PCR
of ribosomal protein L11 (RPL11) cDNA was also performed as an internal
standard of the amount of cDNA used as a template for PCR. The amount of
TNF-a cDNA or NGF cDNA was normalized to the amount of RPL11 cDNA.

Measurement of NF-kB Activity

SH-SY5Y cells were transfected with pNFkB-SEAP vector (Takara, Gennevil-
liers, France). In this vector, a promoter regulated by NF-«B is followed by the
secreted alkaline phosphatase (SEAP) reporter gene. After 24 h from the
transfection, cells were split into 24-well plates and cultured for 48 h. NGF,
the Akt inhibitor, or the MEK inhibitor was added to the culture medium. For
cotreatment of inhibitors and NGF, inhibitors were added 1 h before addition
of NGF. Twenty-four hours after addition of the reagents, culture medium
was taken for SEAP assay. The SEAP assay was performed with a Great
EscAPe SEAP assay kit (Takara).

5-Bromo-2'-deoxyuridine (BrdU) Incorporation

After transfection of siRNA against TNFR2, cells were incubated with 10
ng/ml NGF for 48 h. Then, the cells were further incubated with 1 uM BrdU
for another 24 h. Cells were washed with PBS and fixed with 2% paraformal-
dehyde in PBS for 30 min at 4°C. After washing with PBS, cells were incu-
bated with DNase I for 37°C for 1 h. Then, the incorporated BrdU was
detected with rat anti-BrdU antibody (Harlan Sera-Lab, Loughborough, Le-
icestershire, United Kingdom) and visualized with Texas Red-labeled anti-rat
immunoglobulin (Ig)G (GE Healthcare).

Phalloidin Staining

Cells were fixed as described in Immunostaining. The fixed cells were washed
with PBS and incubated with 3% BSA and 0.5% Triton X-100 in PBS at room
temperature for 1 h and with 1 U/ml Alexa Fluor 488-labeled phalloidin, 3%
BSA, and 0.5% Triton X-100 in PBS at 37°C for 1 h. After washing with PBS
three times, the cells were mounted with VECTASHIELD mounting medium
with DAPI, and they were observed with confocal laser-scanning microscopy.

Cell Viability Assay

To assess cell viability, 3000 HCN-1A cells were seeded in 96-well plates.
After 12 h, cells were washed extensively with serum-free DMEM/Ham'’s
F-12 and cultured in serum-free DMEM /Ham'’s F-12 without (control) or with
NGEF, in the presence or absence of the neutralizing antibodies. After 24-h
incubation, medium was changed to DMEM/Ham’s F-12 containing 10%
serum, and cells were cultured for another 24 h. 4-[3-(4-ITodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) reagent (Roche
Diagnostics, Mannheim, Germany) was added directly to the culture me-
dium, and cells were incubated for 2 h. For primary cultured neurons pre-
pared from rat dorsal root ganglia, cells were seeded and cultured in 96 well
plates as described in Cell Culture. On day 10, the neurons were washed and
incubated for 24 h without (control) or with NGF in the presence or absence
of neutralizing anti-TNF-a. WST-1 reagent was added directly to the culture
medium and incubated for 4 h. Measurement of cleavage of WST-1 was
performed following the manufacturer’s recommendation, with a Fusion
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Figure 1.

NGF induces TNF-a expression in SH-SY5Y neuroblastoma cells. (A) Semiquantitative analysis of TNF-a« mRNA prepared from

cells incubated with or without (control) NGF for 24 h. Expression level of TNF-« is shown relative to RPL11 expression. The data represent
the mean of three experiments. Error bars indicate SE; p < 0.001. (B) Effect of the NF-«B inhibitor on the TNF-«a expression induced by NGF.
Cells cultured on chambered glass slides were treated for 24 h with or without (control) NGF in the presence or absence of the NF-«B
inhibitors. After fixation, TNF-a was detected with anti-TNF-« antibody and visualized by FITC-labeled secondary antibody. (C) Measure-
ment of NF-«B activity after NGF treatment. After transfection of pNFkB SEAP vector, SH-SY5Y cells were treated as described in Materials
and Methods section. Activation of NF-«B was measured as enzymatic activity of SEAP in each culture media. The NF-«B activities are shown
relative to the NF-«B activity of untreated samples. The data represent the mean of three experiments. Error bars indicate SE. (D) Effect of
the inhibitors on the TNF-a expression induced by NGF. Cells were treated as described in B. Either the Akt inhibitor or the MEK inhibitor
was used instead of the NF-«B inhibitor. (E) PCR of NGF and L11 ribosomal protein cDNA prepared from cells treated with the indicated

reagents for 24 h.

universal microplate analyzer (PerkinElmer Life and Analytical Sciences,
Boston, MA).

For measurement of lactose dehydrogenase (LDH) activity, Cytotoxicity
Detection kit Plus (Roche Diagnostics) was used. Cells were cultured in
96-well plates and treated as described above. For measurement of total LDH
activity, 5 ul of lysis buffer was added into the well containing cells cultured
with NGF alone and incubated for 15 min to release total LDH activity from
cells. For measurement of LDH activity released into the culture medium
from dead cells, 5 ul of PBS was added instead of lysis buffer. Fifty microliters
of culture medium was taken and mixed with 50 ul of reaction mixture in a
new 96-well plate and then incubated for 20 min at room temperature.
Measurement of LDH activity was performed following the manufacturer’s
recommendation, with a Fusion universal microplate analyzer (PerkinElmer
Life and Analytical Sciences).

Flow Cytometry

Forty-eight hours after siRNA transfection, cells were harvested by
trypsinization and washed with DMEM/F12 containing 10% serum and PBS
sequentially. The washed cells were resuspended in 2% paraformaldehyde in
PBS and incubated at room temperature for 30 min. The fixed cells were
incubated with anti-TNFR2 mouse mAb and 3% BSA in PBS at 37°C for 2 h.
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After washing with PBS, cells were further incubated with FITC-labeled
anti-mouse IgG antibody and 3% BSA in PBS at 37°C for 30 min. After
washing with PBS, cells were resuspended in PBS and analyzed with a flow
cytometer.

RESULTS

NGF Induces TNF-« in SH-SY5Y Human Neuroblastoma
Cells

SH-SY5Y is a human neuroblastoma cell line that cannot
respond to NGF by neural differentiation (Lavenius et al.,
1995; Poluha et al., 1995). Figure 1A shows that SH-SY5Y
cells treated with NGF contain ~5 times more TNF-a mRNA
than untreated cells. Immunofluorescence assay shows the
increase of TNF-« protein after treatment with NGF (Figure
1B). Because NF-«B is a transcription factor that controls
TNF-a expression (Collart et al., 1990), effects of an NF-xB
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inhibitor, 6-amino-4-(4-phenoxyphenylamino) quinazoline,
were examined. NGF-dependent expression of TNF-«a is
blocked by the NF-«B inhibitor (Figure 1B, left). These re-
sults indicate that NGF induces de novo synthesis of TNF-a
and that NF-«B is implicated in the TNF-a synthesis.

A reporter gene assay indicates that SH-SY5Y cells show
around a threefold increase of NF-«B activity after NGF
treatment (Figure 1C). To examine which downstream sig-
naling pathways of NGF were responsible for the NF-«B
activation, major downstream kinases of NGF signaling, Akt
and MEK, were inhibited by known specific inhibitors, 1-(L)-
6-hydroxymethyl-chiro-inositol-2-(R)-2-O-methyl-3-O-octa-
decylcarbonate for Akt, and 1,4-diamino-2,3-dicyano-1,
4-bis[2-aminophenylthio]butadiene for MEK. The NF-«B ac-
tivation by NGF is blocked by the Akt inhibitor but not by
the MEK inhibitor (Figure 1C). Figure 1D shows that the Akt
inhibitor, but not the MEK inhibitor, blocks NGF-induced
TNF-a expression, consistent with the involvement of NF-«B
in the NGF-induced TNF-a expression. Together, these re-
sults show that NGF activates TNF-a expression through
Akt and NF-«B.

Because TNF-a is known to induce NGF expression in
fibroblasts (Manni et al., 2003) and astrocytes (Gadient ef al.,
1990; Kuno et al., 2006), expression of NGF was examined
after treatment with either NGF or TNF-a. Expression of
NGF in SH-SY5Y cells is faint and neither NGF nor TNF-«
enhances the NGF expression in SH-SY5Y cells (Figure 1E).
This indicates that neither endogenous TNF-a nor exog-
enously added TNF-a can induce NGF expression in SH-
SY5Y cells. This difference in response could be due to the
difference in cell type.

TNF-a Blocks NGF-induced Differentiation of SH-SY5Y
Neuroblastoma Cells

To examine the effect of TNF-«, TNF-« signaling was inhib-
ited with a neutralizing antibody against TNF-«. Consistent
with a previous report (Lavenius et al., 1995), neither NGF
with normal mouse IgG, nor the antibody against TNF-«
alone induces neuron-specific tubulin, B-tubulin III, which is
a marker of neural differentiation. Outgrowth of neurite-like
structures and expression of B-tubulin III are observed when
the cells are simultaneously treated with NGF and the neu-
tralizing antibody against TNF-« (Figure 2A).

Similarly, neutralizing antibody against TNFR2, which
can inhibit the binding of TNF-« to this receptor, also allows
NGF to induce outgrowth of neurite-like structures and
expression of B-tubulin IIT (Figure 2B). Because SH-SY5Y
cells express both TNFR1 and TNFR2 (Shen et al., 1997),
effects of a neutralizing antibody against TNFR1 were ex-
amined. The combination of NGF and a neutralizing anti-
body against TNFR1 fails to show either outgrowth of neu-
rite-like structures or expression of p-tubulin III (Figure 2B).
NGF-dependent neural differentiation is also observed
when TNFR2 is knocked down with siRNA (Figure 2C).
Knockdown of TNFR1, instead of TNFR2, fails to show these
effects on SH-SY5Y cells treated with NGF, consistent with
results shown in Figure 2B (data not shown). In addition to
B-tubulin III, TNFR2 knockdown cells respond to NGF by
expressing GAP-43, another indicator of neural differentia-
tion (Figure 2D). However, expression of glial fibrillary
acidic protein, a marker of glial cells, is not detected in the
TNFR2-knockdown cells even after NGF treatment (data not
shown). These changes are coincident with cell cycle arrest.
As shown in Figure 2, E and F, >50% of cells failed to
incorporate BrdU and ~50% of cells express B-tubulin III
after cotreatment with NGF and siRNA against TNFR2.
Although some cells expressing B-tubulin III still incorpo-
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rated BrdU, the majority failed to incorporate BrdU after
cotreatment with NGF and siRNA against TNFR2. Neither
cells treated with NGF and scrambled siRNA nor cells
treated with siRNA against TNFR2 alone show a significant
increase of BrdU-negative cells (data not shown). The effi-
ciency of siRNA against TNFR2 was confirmed by the bind-
ing of a specific antibody against TNFR2 to SH-SY5Y cells. In
siRNA-transfected cells, binding of the antibody is de-
creased, and it is similar to the binding of negative control
cells (Figure 2G), indicating that the siRNA is efficient in
inhibiting TNFR2 signaling. These results indicate that NGF
can induce neural differentiation of SH-SY5Y. However, this
ability is blocked by TNFR2 signaling.

NGF Induces TNF-« in Both BE(2)-C Neuroblastoma Cells
and HCN-1A-nontransformed Neural Cells, but Not in
PC-12 Pheochromocytoma Cells

TNF-« induction by NGF is not limited to SH-SY5Y cells. We
examined three types of neural cells: BE(2)-C neuroblastoma
cells, HCN-1A-nontransformed neural cells and PC-12
pheochromocytoma cells. Neuroblastoma is a malignancy
derived from the sympathetic nervous system (Hoehner et
al., 1996), and amplification of the MYCN gene is correlated
with poor prognosis of this cancer (Grimmer and Weiss,
2006). The MYCN gene is not amplified in SH-SY5Y cells
(Smith et al., 2004), and SH-SY5Y cells show weak tumori-
genicity in athymic mice (Walton ef al., 2004). The BE(2)-C
cell line is a subclone of another human neuroblastoma cell
line SK-N-BE(2) that contains 85 times more NMYC gene
than normal cells (Smith et al., 2004). BE(2)-C also shows
much higher tumorigenicity in athymic mice than SH-SY5Y
(Walton et al., 2004). HCN-1A is a nontransformed human
neural cell line and it shows some neural properties consis-
tent with pluripotent, immature cells of neural origin
(Zhang et al., 1994). On cotreatment with NGF, dbcAMP,
and IBMX, but not NGF alone, HCN-1A can be induced
toward terminal differentiation and to show outgrowth of
neurites (Zhang ef al., 1994). PC-12 is derived from a rat
pheochromocytoma, and it can differentiate into neuron-like
cells in response to NGF alone (Greene and Tischler, 1976),
in contrast to other cell lines used in this article, SH-SY5Y,
BE(2)-C, and HCN-1A.

As shown in Figure 3A, both BE(2)-C and HCN-1A show
an increase of TNF-« expression after treatment with NGF.
However, NGF fails to induce TNF-a in PC-12 cells (Figure
3A). Thus, TNF-« induction by NGF seems to be coincident
with inability to differentiate in response to NGF alone.

Both a Highly Malignant Neuroblastoma Cell Line,
BE(2)-C, and a Nontransformed Neural Cell Line,
HCN-1A, Also Differentiate in Response to Cotreatment
with NGF and Inhibition of TNF-« Signaling

When BE(2)-C cells are treated with NGF and the neutraliz-
ing antibody against either TNF-a or TNFR2, they express
B-tubulin III, and they show morphological changes (Figure
3B), as seen in SH-SY5Y (Figure 2). Thus, both the SH-SY5Y
cell line and the BE(2)-C cell line increase the endogenous
level of TNF-« after treatment with NGF, and they differen-
tiate into neuron-like cells in response to NGF when TNF-a
signaling is inhibited through TNFR2.

Figure 3C shows the morphological change of HCN-1A
after the cotreatment of NGF and neutralizing antibodies
against either TNF-a or TNFR2. After cotreatment for 48 h,
cells show outgrowth of neurite-like structures (Figure 3C),
without either dbcAMP or IBMX.

These results indicate that NGF induces TNF-« in the
neuroblastoma cell lines SH-SY5Y and BE(2)-C and in the
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Figure 2. Inhibition of TNF-a signaling
through TNFR2 sensitizes SH-SY5Y neuro-
blastoma cells to NGF-dependent differentia-
tion. (A) Expression of B-tubulin III after treat-
ment with the indicated reagents for 48 h. As
a control, untreated cells are shown. (B) Ex-
pression of B-tubulin III in cells treated with
neutralizing anti-TNFR2 or anti-TNFR1 in the
presence or absence of NGF. Cells were incu-
bated with the indicated reagents for 48 h, and
then they were fixed. (C) Effect of siRNA
against TNFR2 on the NGF-induced g-tubulin
III expression. Twenty-four hours after siRNA
transfection, cells were incubated with NGF
for a further 48 h, and then they were fixed.
(D) Expression of GAP-43 after treatment of
NGF and transfection of TNFR2 siRNA. Cells
were treated as described in C. Fixed cells were
incubated with anti-GAP-43 antibody. (E) BrdU
incorporation of SH-SY5Y cells after siRNA
transfection and NGF treatment. Cells were
treated as described in C. Forty-eight hours after
NGF addition, cells were cultured with BrdU for
another 24 h, and then they were fixed. Fixed
cells were treated as described in Materials and
Methods. (F) Quantitation of differentiated cells
after treatment with NGF and siRNA against
TNER2. The number of BrdU-negative, B-tubu-
lin I-positive and BrdU-negative but B-tubulin
IMI-positive cells, respectively, was counted man-
ually. The total number of cells was also counted
using DAPL The proportion of these cells is
indicated as percentage of the total number of
cells. More than 500 DAPI-positive cells were
examined in each sample. The same experiment
was performed using cells treated with neither
NGF nor siRNA against TNFR2 as a control.
Each experiment was repeated three times, and
an average of these experiments is shown. Error
bars indicate SE between experiments. p <
0.0001 (G) Binding of anti-TNFR2 antibody to
SH-SY5Y cells. Cells transfected with siRNA
against TNFR2 (yellow) or scrambled siRNA
(red and green) were incubated for 48 h, and
then they were harvested by trypsinization.
Cells were incubated with either normal mouse
IgG (green) or anti-TNFR2 mouse mADb (yellow
and red). Bound antibodies were detected by
FITC-labeled anti-mouse IgG antibody.

+neutralising
anti-TNFR2

scrambled SiRNA+NGF

scrambled SiRNA+NGF

nontransformed neural cell line HCN-1A. In addition, the
results indicate that TNF-a signaling through TNF2 blocks
NGEF-dependent differentiation of both types of cell.

Akt Is Required for TNF-a—mediated Inhibition of Neural
Differentiation, and for Induction of TNF-a

Because TNF-a—TNFR2 signaling inhibits neural differenti-
ation of neuroblastoma cells (Figures 2 and 3), blockage of
TNF-a synthesis should allow NGF to induce their neural
differentiation. The Akt inhibitor and the NF-«B inhibitor,
which can inhibit TNF-« induction by NGF (Figure 1, B and
D), were examined to see whether they promote NGF-de-
pendent differentiation of SH-SY5Y cells. As shown in Fig-
ure 4A, NGF can induce -tubulin III expression when either
the Akt inhibitor or the NF-«B inhibitor is provided, without
direct inhibition of either TNF-a or TNFR2.

Next, we assessed the effects of exogenously applied
TNF-a on the differentiation induced by the combination of
NGF with either the Akt inhibitor or the NF-«B inhibitor. To
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activate TNFR2 efficiently, soluble murine TNF-a (Figure
4B) or a combination of soluble human TNF-« and the mAb
against human TNFR2, 80M2 (Figure 4C), was used. Al-
though soluble murine TNF-« can activate both TNFR1 and
TNFR?2, soluble human TNF-« efficiently activates TNFR1,
but not TNFR2 (Grell et al., 1995). The mAb 80M2 can
modify the agonist specificity of TNFR2, allowing soluble
human TNF-« to activate TNFR2 (Grell ef al., 1995). Soluble
murine TNF-a inhibits the p-tubulin III expression induced
by the combination of NGF with the NF-«B inhibitor (Figure
4B). However, soluble murine TNF-a has no effect on the
B-tubulin III expression induced by the combination of NGF
with the Akt inhibitor (Figure 4B). The combination of sol-
uble human TNF-a and the 80M2 mADb, instead of murine-
soluble TNF-q, also inhibits the B-tubulin III expression in-
duced by the combination of NGF with the NF-«B inhibitor,
but not the expression induced by the combination of NGF
with the Akt inhibitor (Figure 4C). Soluble human TNF-« alone
fails to inhibit the neural differentiation induced by the combi-
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Figure 3. HCN-1A and BE(2)-C, but not PC-12 cells, express
TNF-« in response to NGF, thus inhibiting neural differentiation of
these cells. (A) Semiquantitative analysis of TNF-a cDNA prepared
from cells incubated with or without NGF for 24 h. Expression level
of TNF-a is shown relative to RPL11 expression. The data represent
the mean of three experiments. Error bars indicate SE; p < 0.001 in
both BE(2)-C and HCN-1A and p > 0.05 in PC-12. (B) g-Tubulin II
expression of BE(2)-C cells after incubation with the indicated re-
agents for 48 h. BE(2)-C cells cultured on collagen-coated dishes
were incubated with the indicated reagents for 48 h, and expression
of B-tubulin III was detected by anti-g-tubulin III antibody. Binding
of the antibody was visualized with FITC-labeled secondary anti-
body. (C) Phalloidin staining of HCN-1A cells after incubation with
the indicated reagents for 48 h. Cells were treated with or without
NGF in the presence of either rabbit normal IgG (control), anti-
TNF-«, or anti-TNFR2 for 48 h. Fixed cells were incubated with
Alexa Fluor 488-labeled phalloidin.

nation of NGF with the NF-«B inhibitor, indicating that TNFR2
signaling is required for inhibition of the differentiation. To-
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Figure 4. Akt, but not NF-«B, is required for the inhibition of NGF-
induced differentiation of SH-SY5Y cells. (A) Effect of inhibitors on
NGF-induced B-tubulin III expression. SH-SY5Y cells were cultured
with the indicated reagents for 48 h. Inhibitors were added to the
culture medium 1 h before NGF addition. (B and C) Effect of exog-
enously added TNF-a on the expression of B-tubulin III. SH-SY5Y cells
were incubated with murine TNF-«a (B) or with human TNF-a, with or
without the 80M2 mAb (C), in the presence of the Akt inhibitor or the
NEF-«B inhibitor. After 1-h incubation, NGF was added directly to the
culture medium. After 48-h incubation with NGF, cells were fixed.

gether, these results suggest that, whereas NF-«B is required
only for induction of TNF-a, Akt is required not only for
induction of TNF-a but also for the inhibition of neural differ-
entiation by TNF-o—TNFR2 signaling.

NGF Shows Sustained Activation of Erk1/2 and Decreased
Activation of Akt When TNF-« Signaling Is Inhibited

Figure 4 shows that Akt can act downstream of TNFR2.
Therefore, we have examined the contribution of TNFR2
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Figure 5. Effect of TNFR2 signaling on NGF
signaling. (A) Estimation of NGF-induced
phosphorylation of p140t*4, Erk1/2, and Akt
with immunoblotting. SH-SY5Y cells were cul-
tured with NGF alone or NGF and the neu-
tralizing antibody against TNFR2. At the indi-
cated time points after addition of NGF, cells
were harvested, and whole cell extracts were
prepared. The levels of phosphorylated pro-
teins and total proteins were detected by the
indicated antibodies. (B) The intensity of the
signals of phosphorylated proteins indicated
in A was measured with the application Im-
age] (version 1.32j, National Institutes of
Health, Bethesda, MD; http://rsb.info.nih.
gov/ij/). Phosphorylation levels of each time
point were shown relative to the phosphory-
lation level at 15-min treatment with NGF
alone. Experiments were repeated three times,
and the average phosphorylation level at each
time point was plotted. Open circles indicate
results from cells treated with NGF alone.
Closed circles indicate results from cells
treated with the combination of NGF, and the
neutralizing antibody against TNFR2. (C) Ef-
fect of the MEK inhibitor on the induction of
neural differentiation by the combination of
NGF and neutralizing anti-TNFR2. SH-SY5Y
cells were cultured on a chambered slide glass
and incubated with the indicated reagents for
48 h. After fixation of cells, B-tubulin III ex-
pression was detected by anti-B-tubulin III an-
tibody.

signaling to Akt activation after NGF treatment. Figure 5, A
and B, show the time courses of Akt activation and Erk1/2
activation, after NGF treatment. Although NGF-induced au-
tophosphorylation of an NGF-specific receptor p140t™=4 is
not changed significantly with the neutralizing antibody
against TNFR2, enhanced and prolonged activation of
Erk1/2 by NGF is observed in the presence of the neutral-
izing antibody (Figure 5, A and B). Conversely, the NGF-
induced phosphorylation of Akt is markedly decreased by
the neutralizing antibody against TNFR2 (Figure 5, A and
B). Thus, upon inhibition of TNFR2, NGF causes decreased
activation of Erkl/2 and increased activation of Akt.

The MEK-Erk1/2 Pathway Is Required for NGF-dependent
Neural Differentiation

Because the MEK-Erk1/2 pathway is stimulated after treat-
ment with the combination of NGF and neutralizing TNFR2
antibody, we have assessed the effects of the MEK inhibitors
on neural differentiation in response to the NGF and anti-
body combination. As shown in Figure 5C, the MEK inhib-
itor inhibits the B-tubulin III expression induced by the
combination of NGF and the neutralizing TNFR2 antibody,
indicating that the differentiation is dependent upon the
activation of Erk1/2.

Induction of TNF-a by NGF Contributes to
NGF-dependent Survival of Rat DRG Neurons

In addition to the induction of differentiation, NGF has
another important biological function, promotion of neural
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cell survival. Under physiological conditions, expression of
NGEF receptors starts at the late phase of neural differentia-
tion, and NGF-dependent survival can be observed in dif-
ferentiated neurons (Wyatt and Davies, 1993, 1995; v Holst et
al., 1997). Because Akt is involved in the signaling for pro-
motion of neural cell survival (Song et al., 2005), Figure 5, A
and B, suggests that TNF-a signaling from TNFR2 could
contribute to promotion of neural cell survival through Akt
activation. Consistent with this possibility, signaling from
TNFR2 can promote survival of several types of neurons
(Renauld and Spengler, 2002; Sarkar and Sharma, 2002; Klas-
sen et al., 2003).

Neurons from postnatal day 5 rat DRG show NGF-depen-
dent survival (Figure 6A). The survival is blocked partially
by the Akt inhibitor (Figure 6A). A neutralizing antibody
against TNF-a also reduces NGF-dependent survival of the
neurons (p < 0.001). Cotreatment of the Akt inhibitor and
the neutralizing antibody against TNFR2 did not show fur-
ther increase of cell death (Figure 6A). These results suggest
a contribution of endogenous TNF-a- to NGF-dependent
survival. However, exogenously added TNF-a without NGF
fails to support survival of neurons. This suggests an essen-
tial role for the cooperation between TNF-a and NGF sig-
naling for survival of rat DRG neurons. Neither NGF with-
out TNFR2 signaling nor TNF-a without NGF signaling is
enough to promote neural cell survival efficiently.

Mitochondrial function in live neurons is measured in
Figure 6A to estimate survival of the cell population and
these results are confirmed by LDH activity released from
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dead neurons into the culture media in Figure 6B. In the
absence of NGF, LDH activity in the medium shows ~70%
of total LDH activity. Addition of NGF decreases the LDH
activity to <10%, showing the survival-promoting activity
of NGF. Consistent with Figure 6A, both the Akt inhibitor
and the neutralizing antibody against TNF-a inhibit the
survival promoting activity of NGF and cotreatment of these
did not show further cell death. Figure 6C shows images of
the DRG neurons after these treatments. In agreement with
the cell death observed in Figure 6, A and B, cell debris is
observed. Although some cells still survive after addition of
either the Akt inhibitor or the neutralizing anti-TNF-c, the
majority of the surviving cells lose neural cell shapes. These
results indicate that TNF-a signaling contributes to NGF-
dependent survival of rat DRG neurons.

TNFR?2 Signaling Contributes to the NGF-dependent
Survival of Differentiated, Nontransformed Human
HCN-1A Cells

The receptor-specific neutralizing antibodies used in this
study are against human TNF-« receptors, and they cannot
block rat TNF-« receptors efficiently. To examine the effects
of these antibodies on survival of differentiated neurons, we
used HCN-1A-nontransformed human neural cells after in-
duction of differentiation. The differentiated HCN-1A neural
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Figure 6. TNF-« signaling is essential for
NGF-dependent survival. (A and B) Cell via-
bility assay with WST-1. The primary cultured
neurons dissociated from rat dorsal root gan-
glia were incubated with the indicated re-
agents for 48 h. (A) WST-1 reagent was added
directly to the culture medium after the incu-
bation, and cells were cultured for 4 h. (B)
Fifty microliters of culture medium was taken
and used for LDH assay as described in Ma-
terials and Methods. (C) Cell images of neurons
after incubation with the indicated reagents
are taken with phase-contrast microscopy. (D
and E) Differentiated HCN-1A cells were cul-
tured in serum-free DMEM containing the in-
dicated reagent for 24 h. (D) WST-1 reagent
was added directly to the culture medium
after the incubation, and cells were cultured
for 2 h. (E) Fifty microliters of culture medium
was treated as mentioned in B. (F) Cell images
of differentiated HCN-1A cells after incuba-
tion with the indicated reagent for 24 h are
taken with phase-contrast microscopy. The
data represent the mean of at least three ex-
periments. Error bars indicate SE.

NGF

+NGF
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cells also show NGF-dependent survival when serum is
withdrawn from the culture medium (Figure 6D). The Akt
inhibitor partially suppresses the NGF-dependent survival
(p < 0.001). The neutralizing antibody against TNFR2 also
inhibits the NGF-dependent survival (p < 0.001) to a similar
extent as the Akt inhibitor (p > 0.05). Cotreatment of the Akt
inhibitor and the neutralizing antibody against TNFR2 did
not show further decrease of cell survival (p > 0.05). The
neutralizing antibody against TNFR1 fails to suppress the
NGF-dependent survival (p > 0.05), unlike the antibody
against TNFR2. The measurement of LDH activities in the
media also shows the contribution of TNFR2 signaling to the
NGF-dependent survival (Figure 6E). Figure 6F shows images
of the differentiated HCN-1A cells after these treatments. In
agreement with the cell death observed in Figure 6, D and E,
the majority of cells show large vesicles when the cells were
incubated without NGF. Addition of either the Akt inhibitor or
the neutralizing anti-TNFR2 induces the vesicles in cells incu-
bated with NGF. These results indicate that TNF-« signaling
participates in NGF-dependent survival of both primary cul-
tured rat neurons and differentiated HCN-1A-nontransformed
human neural cells. Thus, induction of TNF-a by NGF has two
different consequences. First, it inhibits differentiation of neu-
roblastoma cells or HCN-1A-nontransformed neural cells; and
second, it promotes neuron survival in the presence of NGF.
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DISCUSSION

Although both NGF and TNF-« have pivotal roles in neural
cell fate decisions, their signaling pathways have been stud-
ied independently, and cross-talk between them has not
been examined in neural cells. This study shows that NGF
can induce TNF-a expression in both neuroblastoma cells
and nontransformed neural cells. The signaling pathway
involving Akt and NF-«B, but not MEK, mediates the NGF-
dependent TNF-a expression (Figure 1). We show that
TNF-a induced by NGF cooperates with NGF itself for full
activation of Akt, but it suppresses Erk activation by NGF
(Figure 5, A and B). Thus, Akt acts not only in the induction
of TNF-« but also in downstream of TNF-a signaling. We
examined the effect of cooperation between NGF and TNF-«
on the two major targets of NGF, differentiation of neural
cell lines and survival of differentiated neurons. TNF-« in-
duced by NGF contributes to NGF-dependent neural cell
survival through Akt activation (Figure 6), but it inhibits
NGF-induced differentiation of neuroblastoma cells through
Akt activation (Figure 4) and Erk suppression (Figure 5).
Thus, TNF-a induction by NGF has a pivotal role in NGF-
dependent Akt activation and this controls two cellular re-
sponses to NGF. Akt activation by the cooperation of TNF-a
and NGF promotes neuron survival and inhibits neuroblas-
toma differentiation.

Other groups have show that a high expression level of
p140*~ in neuroblastoma cells is correlated with good
prognosis (Kogner et al., 1993) and that overexpression of
p140'*A by transfection directs neuroblastoma cells to NGF-
dependent differentiation through Erk1/2 activation (Mat-
sushima and Bogenmann, 1993, 1994; Lavenius et al., 1995;
Poluha et al., 1995), without investigating the effects of in-
hibiting TNFR2 signaling. Therefore, the insensitivity of
neuroblastoma cells to NGF-dependent differentiation was
explained by insufficient expression of an NGF-specific re-
ceptor p140tka,

We also find that Erkl/2 activation by NGF, without
inhibition of TNFR2 signaling, is weak and transient (Figure
5), and that it is not strong enough to induce differentiation
of neuroblastoma cells (Figure 2A). However, this study
indicates that the weak activation of Erk1/2 by NGF is not
due to poor expression of pl40"<4 but that it is due to
inhibition by TNFR2 signaling. When the TNFR2 signaling
pathway is inhibited, NGF can activate Erkl/2 strongly
enough to induce neural differentiation of neuroblastoma
cells without enhanced expression of p140** (Figure 5).
Thus, this study shows that overexpression of p140™** is not
necessary to induce NGF-dependent differentiation of neu-
roblastoma cells when TNFR2 signaling is inhibited. The
overexpression of p140™* seems to overcome the inhibition
of Erkl/2 activation by the TNFR2 signaling pathway. A
combination of NGF and inhibitors of TNF-a signaling
might provide a new approach to the treatment of neuro-
blastomas.

Consistent with the inhibitory effects of the TNF-a-TNFR2
signaling pathway on Erk activation and consequently on
NGEF-dependent differentiation, NGF-dependent expression
of TNF-a is not observed in the rat pheochromocytoma cell
line PC-12 (Figure 3A). The PC-12 cells show NGF-depen-
dent differentiation (Greene and Tischler, 1976) in an Erk-
dependent manner (Qui and Green, 1992), without either
inhibition of TNF-« signaling or overexpression of p140tk4,
The different effects of NGF on these cells could be explained
by a single difference in NGF signaling between neuroblas-
toma and PC-12 cells. Although this study shows that NF-xB
mediates NGF-dependent expression of TNF-«a (Figure 1B),
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Furuno and Nakanishi (2006) show that NF-«B is not acti-
vated in PC-12 cells in response to NGF. NF-«B is a tran-
scription factor that controls TNF-a expression (Collart et al.,
1990). Therefore, PC-12 cells do not express TNF-a in re-
sponse to NGF (Figure 3A), but they differentiate, after
treatment with NGF alone. In contrast, this study shows that
NGF induces TNF-a expression in neuroblastoma cells;
therefore, it can induce their differentiation only when
TNF-« signaling is blocked.

Several groups have independently reported the synthesis
of TNF-a in neural cells, including multipotential neural
stem cells and differentiated hippocampal neurons (Barker et
al., 2001; Sarkar and Sharma, 2002; Renauld and Spengler,
2002; Klassen et al., 2003). Endogenous TNF-« in NGF-de-
pendent neurons is reported to contribute to induction of
neural cell death through TNFR1 after withdrawal of NGF
(Barker et al., 2001). However, TNF-« is expressed not only
in dying neurons but also in surviving neurons (Barker et al.,
2001) and the function of endogenous TNF-« in surviving
neurons has not been clarified. Other groups have reported
endogenous TNF-« in other types of neurons, but could not
show significant death of neurons that express TNF-«
(Renauld and Spengler, 2002; Sarkar and Sharma, 2002; Klas-
sen et al., 2003). This study shows a mechanism in which
endogenous TNF-a can promote neural cell survival, rather
than cell killing, but by signaling through TNFR2. Therefore,
endogenous TNF-a can have two opposite effects through
two different signaling receptors, TNFR1 and TNFR2. It
seems that endogenous TNF-a activates TNFR2 preferen-
tially in the presence of NGF, but it activates TNFR1 in the
absence of NGF. Although further experiments are required
to clarify the mechanism controlling the receptor preference
of TNF-«, one possibility is that NGF-induced TNF-« acti-
vates both TNFR1 and TNFR2 but cooperation of NGF sig-
naling and TNFR2 signaling antagonizes TNFR1-induced
proapoptotic signals. In agreement with this, exogenously
added TNF-« fails to induce sufficient neural cell death of
cultured neurons in the presence of NGF (Barker ef al., 2001),
and signaling from TNFR2 can antagonize proapoptotic sig-
nals from TNFR1 (Yang et al., 2002). Therefore, NGF-in-
duced TNF-a seems to be bifunctional; NGF-induced TNF-a
has a major role in the NGF-dependent survival of neurons,
but once NGF is withdrawn, the TNF-a contributes to neu-
ron killing.

In summary, this study demonstrates that TNF-« signal-
ing can modulate NGF signaling (Figure 7). NGF induces
TNF-« through Akt and NF-«B. The TNF-a induced by NGF
activates TNFR2, which causes further activation of Akt.
Thus, TNFR2 signaling from TNF-a induced by NGF is a
positive feedback activator of Akt. Cooperation of NGF sig-
naling and TNF-« signaling is required for efficient survival
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Effects of NGF when
TNF, signalling is inhibited
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Figure 7. Effect of endogenous TNF-a on the cell responses to
NGF. Details are explained in Discussion.
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of nontransformed neurons. Furthermore, Akt activation by
this cooperation blocks neural differentiation of neuroblas-
toma cells, which provides a new explanation for insensitiv-
ity of neuroblastoma cells to NGF-dependent differentiation.
Only when TNFR2 signaling is inhibited, NGF augments
Erk1/2 activation. The increased activation of Erkl/2 is
essential for differentiation of neuroblastoma cells. Thus,
TNFR2 signaling lies downstream of NGF, and it has a
crucial role in the determination of cell responses to NGF.
This novel regulatory mechanism of NGF function could
provide a platform for new therapeutic strategies for dis-
eases related to neural cell survival and differentiation.
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