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Abstract Nerve growth factor (NGF)-mediated activa-
tion of mitogen-activated protein kinases (MAPK) is
critical for differentiation and apoptosis of PC12 cells.
Since NGF employs stress-activated c-Jun N-terminal
kinase (JNK) to regulate both programmed cell death and
neurite outgrowth of PC12 cells, we examined NGF-reg-
ulated JNK activity and the role of Gy, proteins. Induction
of JNK phosphorylation by NGF occurred in a time- and
dose-dependent manner and was partially inhibited by
pertussis toxin (PTX). To discern the participation of var-
ious signaling intermediates, PC12 cells were treated with
specific inhibitors prior to NGF challenge. NGF-elevated
JNK activity was abolished by inhibitors of JNK, p38
MAPK, Src, JAK3 and MEKI1/2. NGF-dependent JNK
phosphorylation became insensitive to PTX treatment upon
transient expressions of Gu, or the PTX-resistant mutants
of Goyy_3 and Go,a. Collectively, these studies indicate that
NGF-dependent JNK activity may be mediated via Gj;_3
proteins, JAK3, Src, p38 MAPK and the MEK/ERK
cascade.
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Introduction

The mitogen-activated protein kinase (MAPK) superfamily
plays a critical role in apoptosis and axonal outgrowth of
the rat PC12 pheochromocytoma cells [1-3]. Nerve growth
factor (NGF) can activate all three members of MAPKSs in
PC12 cells. The dynamic balance between the activities of
extracellular signal-regulated protein kinasel/2 (ERK1/2),
c-Jun N-terminal kinases (JNKs) and p38 MAPK appears
to be a critical factor in the regulation of neurite outgrowth
and programmed cell death [4-6]. ERK1/2 and p38 MAPK
have been extensively studied for their roles in the differ-
entiation of PC12 cells by NGF [5, 7], whereas the activity
of INK is often examined in the context of apoptosis [8, 9].

There is increasing evidence to suggest that JNK activity
is required for neuritogenesis. JNK signaling is apparently
required for the differentiation of SH-SYS5Y neuroblasto-
mas [10], embryonic midbrain cells [11], neural progenitor
cells [12] and PC12 cells [13]. Moreover, JNK is thought to
participate in neurite outgrowth of N1E-115 neuroblastoma
cells [14], dopaminergic neuronal cells [15] and PC12 cells
[16]. Tt has been reported that NGF induces transient
activation of JNK1 and JNK2 in PC12 cells [4]. Two
groups have further demonstrated that JNK activation is
essential for NGF-induced neuritogenesis of PC12 cells [3,
17]. Interestingly, JNK3 is an effector in both neuronal
differentiation and cell death of PC12 cells [18]. It is
obvious that JNK activity is essential for both apoptosis
and differentiation of PC12 cells. However, the actual
signaling intermediates in JNK pathway involved in regu-
lation of both cellular processes upon NGF stimulation are
less clear.

Regulation of neuronal differentiation is not an exclu-
sive feature of growth factors. There is now a substantial
body of literature indicating that neurotransmitters acting
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on G protein-coupled receptors (GPCR) play a role in
neuronal differentiation. Although the pathways involved
in GPCR-triggered neurite outgrowth are not fully under-
stood, many of these receptors utilize pertussis toxin
(PTX)-sensitive Gy, proteins for signal transduction. N1E-
115, LA-N-5, Neuro2A and PC12 cells appear to employ
G, to mediate neurite outgrowth [19-22]. Neurite out-
growth stimulation by Gj,,-coupled receptors is thought to
be mediated via a signaling network that comprises of the
small GTPases Rap1, Ral and Rac, the protein kinases Src,
JNK, and signal transducer and activator of transcription 3
(STAT3) [23].

Interestingly, signals arising from receptor tyrosine
kinases and Gj,,-coupled receptors are capable of integrat-
ing at the level of MAPKs [24]. In PC12 cells, platelet-
derived growth factor (PDGF) and NGF have been reported
to utilize G;j,, signaling pathways to phosphorylate ERK1/2,
and that these pathways require clathrin-mediated endocy-
tosis and phosphoinositide 3-kinase (PI3K) activation
[25-27]. In addition, NGF-induced ERK1/2 phosphoryla-
tion involves G protein-coupled receptor kinase 2 (GRK2)
and f-arrestin 1 [27]. The involvement of Gj,, proteins in
NGF-induced ERK1/2 phosphorylation and neurite out-
growth in PC12 cells is well established, whereas their
contributions to the NGF-JNK pathway are less clear.

In the present study, we investigated the signaling
intermediates that are required for NGF-stimulated JNK
activity in PC12 cells. The signaling intermediates exam-
ined included individual members of the G/, superfamily
as well as molecular components along the phospholipase
C (PLC), JAK/STAT, and PI3K/Akt pathways. Our results
indicated that NGF-induced JNK phosphorylation in PC12
cells was partially mediated via PTX-sensitive Gy, proteins
and was suppressed in the presence of inhibitors against
INK, JAK3, p38 MAPK, Src and ERKI1/2. Functional
associations of the NGF receptor, TrkA, with Go;;_3, Gooa
and Go, were demonstrated with the use of Goa subunit
mutants.

Experimental Procedure
Materials

The rat Ga, cDNA was a gift from Dr. Y. Kaziro (Tokyo
Institute of Technology, Yokohama, Japan). The cDNA
encoding chimeric Go;,/, was constructed as described
previously [28]. The GeooaCI and Goy;_3CI cDNAs were
obtained from Guthrie (Sayre, PA). PCI2 cells were
obtained from American Type Culture Collection (ATCC
CRL-1721; Rockyville, MD). PTX and mouse NGF (mNGF
2.5S grade 2) were obtained from List Biological
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Laboratories (Campbell, CA) and Alomone labs (Jerusa-
lem, Israel), respectively. WHI-P131, WHI-P258, U0124,
AG490, KN62, W7, wortmannin, SB202190, SB203580,
U73122, U73343, staurosporine, calphostin C, SU6656,
c-Raf-1 inhibitor (5-Iodo-3-[(3,5-dibromo-4-hydroxyphenyl)
methylene]-2-indolinone), U0126, Anthra[l,9-cd]pyrazol-
6(2H)-one 1,9-pyrazoloanthrone SAPK/INK inhibitor II
(SP600125), N1-Methyl-1,9-pyrazoloanthrone SAPK inhib-
itor II (420123), epidermal growth factor receptor inhibitor
(AG1478), PDGEF receptor blocker (AG1295), PP1, PP2 and
PP3 were obtained from Calbiochem (San Diego, CA).
Antisera against INK and phospho-JNK (Thr'®*/Tyr'®), were
purchased from Cell Signaling Technology, (Beverly, MA).
Cell culture reagents were obtained from Invitrogen (Carls-
bad, CA) and all other chemicals were purchased from Sigma
Chemical (St. Louis, MO).

Cell Culture and Transfection

PC12 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 6% fetal calf serum
(FCS; v/v), 6% horse serum (HS; v/v), 50 U/ml penicillin
and 50 pg/ml streptomycin at 37°C in humidified air with
7.5% CO,. PC12 cells were seeded onto 12-well plates at a
density of 3 x 10° cells/well in 1 ml of growth medium.
24 h later, PC12 cells were transiently transfected with
Qiagen-purified cDNAs (0.5 pg of Go,, Ga,QL, Goya,
GooaCl, Goyi_z, Goy1_3CI, Gaypy, or pcDNATL) using Lipo-
fectAMINE 2000 according to the manufacturer’s
instructions. For transient transfection, 2% FCS DMEM
without penicillin and streptomycin instead of serum free
DMEM was used to culture the PC12 cells. After trans-
fection, PC12 cells were maintained in DMEM containing
6% FCS and 6% HS for 24 h prior to JNK assay.

Primary cortical neuron cultures were prepared from
embryonic day 18 (E18) rat embryos. Cortices were dis-
sected in DMEM, dissociated in the same medium, and
plated on poly-p-lysine coated culture plates. Cells were
cultured in neurobasal medium containing B27 supple-
ment, 0.5 mM glutamine, penicillin (50 U/ml), and
streptomycin (100 pg/ml). Cultures were incubated at 37°C
in a humidified atmosphere with 5% CO,.

JNK Assay

PC12 cells were cultured overnight with DMEM contain-
ing 0.1% FCS in the presence or absence of 100 ng/ml
PTX. The cells were stimulated with or without various
inhibitors for 15 min and subsequently with or without
different concentrations of NGF for 1-30 min as indicated.
Cell lysates were collected with 150 pl of 2% SDS sample
buffer (50 mM Tris—HCI, 100 mM dithiothreitol, 2% SDS,
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0.1% bromophenol blue, 10% glycerol; pH 6.8). 80 pl of
each cell lysate was resolved by 12% SDS-polyacrylamide
gel electrophoresis, and then transferred to nitrocellulose
membranes. The presence of total JNK and phospho-JNK
were detected by anti-JNK and phospho-JNK (Thr!'®/
Tyr'®%), respectively. Immune complexes were detected
with horseradish peroxidase-conjugated secondary anti-
bodies. Immunoblots were developed in the presence of
enhanced chemiluminescence reagents, and the images
detected in X-ray films were quantified by densitometric
scanning using the Eagle Eye II still video system (Strat-
agene, La Jolla, CA). Values shown represent the
mean £+ S.E. from three or more separate experiments.
Representative blots were selected from a set of three
independent experiments.

Results

JAK3, Src, ERK1/2 and p38 MAPK are Involved
in NGF-Induced JNK Activity

We began our study by examining the effect of a variety of
kinase inhibitors on NGF-induced neurite extension in
PC12 cells. As compared to the control, PC12 cells treated
with NGF (5 ng/ml, 10 days) exhibited numerous protru-
sions of neurites (Fig. la). The NGF-induced neurite
extension was, however, significantly suppressed when
cells were exposed to either a MEK1/2 inhibitor (U0126,
10 uM), the JNK/p38 inhibitor SB202190 (10 uM), or to
the specific JNK inhibitor SP600125 (10 uM) (Fig. 1a, b),
suggesting that JNK might participate in NGF-induced
neuronal differentiation. The ability of NGF to activate
JNK in PC12 cells was then determined using anti-phos-
pho-JNK antibodies. As illustrated in Fig. I, NGF
stimulated the activity of JNK in a time- and dose-depen-
dent manner. When PC12 cells were challenged with either
5 or 50 ng/ml NGF for various time durations, activation of
JNK was detected as early as 5 min of incubation and
reached peak activity at around 10 min (Fig. 1c). The INK
phosphorylation was maximally elevated by ~4.5- to
6-fold above the basal level and sustained for up to 30 min
(Fig. 1c). At the optimum incubation time of 10 min,
treatment of PC12 cells with increasing concentrations of
NGF resulted in a dose-dependent stimulation of JNK
(Fig. 1d). The activity of JNK reached a maximum of ~ 8-
to ~9-fold above the basal level when the NGF concen-
tration was at 50 ng/ml or higher. The NGF-induced onset
and maximum phosphorylation of JNK in PC12 cells were
consistent with previous studies [17, 29].

To map the signaling pathways linking TrkA receptor
activation to JNK in PC12 cells, a panel of inhibitors was
tested against NGF-induced JNK phosphorylation. Since

JNK plays an essential role in cell survival [2], NGF may
utilize signaling intermediates of the Ras/MAPK, JAK/
STAT, and PI3K/Akt pathways, all of which contribute to
cell survival, to regulate the activity of JNK. First, we
examined the role of the Ras/Raf-1/ERK1/2 cascades in
NGF-regulated JNK activity because ERK1/2 and JNK
activities appear to be essential for differentiation of PC12
cells [3, 17]. As expected, treatment of PC12 cells with
SP600125 (10 M), but not its inactive analogue 420123
(24 M), completely blocked the NGF-induced JNK
phosphorylation (Fig. 2a). A 15 min incubation of PC12
cells with either the MEK1/2 inhibitor U0126 (10 uM), the
JNK/p38 MAPK inhibitor SB202190 (10 uM), or a more
specific inhibitor of p38 MAPK, (SB203580, 10 uM),
significantly attenuated the NGF-induced JNK phosphor-
ylation (Fig. 2b). The level of suppression by the MEK1/2
and p38 MAPK inhibitors was similar to that obtained with
the JNK inhibitor (Fig. 2a, b). Similar incubation with
either the inactive analogue of U0126 (U0124, 10 uM) or
the Raf-1 kinase inhibitor (5-Iodo-3-[(3,5-dibromo-4-
hydroxyphenyl) methylene]-2-indolinone, 10 uM) how-
ever, did not exhibit any effect (Fig. 2b). Functional
inhibition of NGF-induced phosphorylation of ERK by
U0126 was demonstrated in separate experiments (data not
shown). Whereas NGF-induced ERK phosphorylation was
abolished by the Raf-1 kinase inhibitor, U0124 had no
effect on NGF-induced ERK activity (data not shown).
Thus, these results demonstrated that a Ras/Raf-indepen-
dent activation of ERK1/2 and p38 MAPK was essential
for NGF-mediated JNK phosphorylation.

It has been well established that PI3K is involved in
NGF-mediated survival of sympathetic neurons and con-
tributes in part to the neurite outgrowth initiation processes
[30] as well as activation of ERK1/2 [31]. However,
addition of the PI3K inhibitor, wortmannin (100 nM), to
PC12 cells for 15 min had no effect on NGF-stimulated
JNK activity (Fig. 3a). Inhibition of PI3K by wortmannin
was confirmed by the loss of NGF-induced phosphoryla-
tion of Akt (data not shown). Thus, NGF-dependent JNK
phosphorylation in PC12 cells required the activity of
ERK1/2 but not PI3K.

To examine whether JAK is involved in NGF-regulated
INK, PC12 cells were treated with or without 10 pM WHI-
P131, a specific JAK3 inhibitor, for 15 min prior to stim-
ulation by NGF (5 ng/ml). Inhibition of JAK3 attenuated
NGF-induced JNK phosphorylation by 85% (Fig. 3b). In
contrast, the inactive analogue of WHI-P131 (WHI-P258,
10 uM) and inhibition of JAK2 with 100 pM AG490 for
15 min did not affect the ability of NGF to induce JNK
phosphorylation (Fig. 3b; data not shown). Likewise,
addition of specific inhibitors for the receptors of
PDGF (AG1295, 10 uM) or EGF (AG1478, 50 nM) to
PC12 cells was unable to inhibit NGF-stimulated JNK
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Fig. 1 NGF induced JNK phosphorylation in PC12 cells. a. PC12
cells were seeded at 10,000 cells/well into 35 mm plates in 2 ml assay
medium (0.1% FCS/DMEM). Subsequently, the cells were treated
with 5 ng/ml NGF in the absence or presence of an inhibitor (10 pM
SB202190, 10 uM U1026 or 10 uM SP600125) as indicated; growth
medium and inhibitors were replaced every 2 days. Micrographs of
PC12 cells were taken with a light microscope (40 X) on day 10. b.
PC12 cells were treated as in a and measurements of neurite length
(um) were determined from the micrographs of PC12 cells. *NGF
significantly stimulated neurite extension (Dunnett ¢ test, P < 0.05).
Values are the mean & S.E. from the neurite protrusions of 50 cells.

phosphorylation (Fig. 3a; data not shown), suggesting that
G protein-mediated transactivation of EGF or PDGF
receptors was not involved in NGF-induced activation of
JNK. Thus, these results suggest that NGF utilized JAK3 to
regulate JNK activity in PC12 cells.
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c. PC12 cells were seeded into 12-well plate and then grown in
reduced serum (0.1% FCS) for 24 h on the second day. The cells were
subsequently challenged with 1 ml serum free medium containing 5
or 50 ng/ml NGF for different time durations as indicated. PC12 cells
were treated with 5 ng/ml (solid circle) or 50 ng/ml (open circle) of
NGF. d. PCI2 cells were treated as in ¢ but with varying
concentrations of NGF for 10 min. For ¢ and d, the cell lysates were
analyzed for JNK phosphorylation as described in Experimental
Procedure. Values are the mean + S.E. from three separate exper-
iments while only representative Western blots are shown

A series of studies have revealed that PC12 cell differ-
entiation involves activation of PKC via tyrosine
phosphorylation by c-Src [32, 33]. Hence, the roles of c-Src
and PKC in NGF-induced JNK phosphorylation in PC12
cells were also investigated. Blockade of c-Src activity by
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Fig. 2 NGF-induced JNK phosphorylation employed p38 MAPK and
ERK1/2. a. PC12 cells were treated as in the legend to Fig. 1c in the
absence or presence of a specific inhibitor (24 pM 420123 or 10 uM
SP600125) as indicated for 15 min and subsequently stimulated with
5 ng/ml NGF for 10 min. Cell lysates were analyzed for JNK
phosphorylation. b. PC12 cells were treated with respective inhibitors
(10 pM U0124, 10 uM UO0126, 10 pM SB202190, 10 uM SB203580
or 10 pM Raf-1 inhibitor) as in a before assaying JNK phosphory-
lation. *NGF significantly stimulated JNK phosphorylation (Dunnett ¢
test, P < 0.05). “NGF-induced JNK phosphorylation was significantly
suppressed by the respective inhibitors (Dunnett ¢ test, P < 0.05).
Values are the mean £ S.E. from three separate experiments while
only representative Western blots are shown

treating PC12 cells with different Src inhibitors (PP,
25 uM; PP2, 25 uM; and SU6656, 5 uM) for 15 min
substantially attenuated NGF-dependent JNK phosphory-
lation by approximately 45-55% (Fig. 3b), while treatment
of PC12 cells with inhibitors against PKC (staurosporine,
200 nM; calphostin C, 100 nM) (Fig. 3a and data not
shown) for the same time period had no effect on NGF-
induced JNK phosphorylation. The inhibitory effect of PP2
was specific because its inactive analogue, PP3, was
without effect (Fig. 3b). To visually demonstrate the effect
of the JAK3 and Src inhibitors on NGF-induced neurite
extension, PC12 cells were treated as described above. The
NGF-induced neurite extension was, as expected, signifi-
cantly suppressed when cells were exposed to either WHI-
P131 (10 uM) or PP1 (25 uM) (Fig. 3c, d).

It seemed then that c-Src, but not PKC, was required for
NGF-mediated JNK phosphorylation. Src is a common
signaling intermediate for receptor tyrosine kinases that
can also be directly stimulated by activated Go; [34]. We
have previously demonstrated in COS-7 cells that NGF-
induced activation of Src requires PTX-sensitive G proteins
[35]. In PC12 cells, PTX was able to significantly attenuate
NGF-increased JNK activity by ~50% (Fig. 4a). Thus,
elimination of both NGF-activated Src and JNK activities
by pretreatment with PTX, implicates the involvement of
Gy, proteins in an NGF-Src-JNK pathway.

Given that NGF-induced activations of ERK [27] and
JNK (Fig. 4a) both appeared to involve PTX-sensitive Gy,
proteins, the two pathways might share some common
signaling intermediates. In CHO cells expressing TrkA

receptors, NGF-elicited ERK1/2 phosphorylation is inhib-
ited by U73122, an inhibitor of PLC [36]. Likewise, a
number of studies have shown that Ca**-dependent cal-
modulin kinase II (CaMKII) participates in neurite
outgrowth [37] and in nicotine-induced ERK1/2 phos-
phorylation in PC12 cells [38]. We thus asked if PLC and
CaMKII are also involved in NGF-induced stimulation of
JNK. However, the addition of inhibitors against PLC
(U73122, 10 pM, or its inactive analogue U73343, 10 uM)
or against CaMKII (10 uM KN62 or 50 nM W7) to PC12
cells for 15 min had no effect on the ability of NGF to
phosphorylate JNK (Fig. 3a). These results implied that
both PLC and CaMKII were dispensable in the activation
of JNK by NGF. Therefore, in PC12 cells, NGF-stimulated
JNK activity was primarily mediated via Gy, protein,
JAK3, Src, ERK1/2 and p38 MAPK.

NGF-Induced Stimulation of JNK was Partly Mediated
via PTX-sensitive Gj;_3 Proteins

NGF-induced neurite outgrowth of PC12 cells and JNK
activity involve Gy, proteins. NGF-induced (5 ng/ml NGF,
10 min) stimulation of JNK phosphorylation was signifi-
cantly attenuated (~45%) by pre-incubation of PC12 cells
with PTX (100 ng/ml, 24 h) as compared with phosphor-
ylation of JNK in cells without PTX exposure (Fig. 4a).
Similarly, NGF-induced (5 ng/ml NGF, 15 min) phos-
phorylation of JNK in primary cortical neurons was
sensitive to PTX treatment (Fig. 4b). Interestingly, in
cortical neurons strong preferential phosphorylation of the
p54-JNK isoform, as compared with p46-JNK, was
observed (Fig. 4b). As PC12 cells are known to express
several forms of Gy, proteins [21], we attempted to
determine the role of individual Gy, proteins in NGF-reg-
ulated JNK activity. Since many G;j,-coupled receptors
utilize G, for signal transduction [39], we also asked if this
PTX-insensitive member of the G; family could participate
in NGF-induced stimulation of JNK. In PC12 cells tran-
siently expressing Go,, stimulation of JNK by NGF
became insensitive to PTX treatment (Fig. 4c). Transfec-
tion of PC12 cells with the constitutively active form of
Go, (Go,QL) had no effect on NGF-induced phosphory-
lation of JNK in the absence or presence of PTX (data not
shown), presumably because Go,QL could not associate
with its upstream regulator in its GTP-bound active state.
One of the approaches to assess the possible involvement
of individual PTX-sensitive Gy, proteins in a signaling
pathway was to employ PTX-resistant mutants of the Gy,
proteins. Provision of PTX-resistant Gy, mutants could
confer PTX-resistance to the signaling pathway if the Gy,
protein was indeed involved in the signal transduction. A
PTX-resistant Go;o/Go, chimera (Go,/,) and point mutants
of Goy; (Goy;Cl), Goyz (GozCI) and Goya (GopACI), have
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Fig. 3 NGF-regulated JNK
activity employed c-Src, but not
PI3K/Akt signaling. a. PC12
cells were treated as in the
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previously been successfully employed to study functional
associations between G protein-coupled receptors and
mutants of Goy,, subunits, respectively [28, 40, 41]. In
PC12 cells transfected with the cDNA of Ga,/,, the NGF-
induced JNK phosphorylation became completely PTX-
insensitive (Fig. 4c); approximately 6-fold induction of
JNK phosphorylation was observed in the absence or
presence of PTX treatment. Expression of wild-type G,
in PC12 cells did not confer PTX resistance to the NGF
response (Fig. 4c); the NGF response was suppressed by
~65% after PTX treatment. Similar results were obtained
with the Go;;CI, Go;3CI and Go,oCI mutants (Fig. 4c, d).
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The NGF-induced JNK phosphorylation was completely
insensitive to PTX treatment in PC12 cells expressing the
Go;1CI, Go;3Cl or Go,aCl mutants, whereas the same
response was significantly attenuated (~50-80%) by PTX
in cells transfected with cDNA encoding wild-type Go;,
Goy; or Go,a (Fig. 4c, d). These experiments suggested
that Go;CI, GozCI, Goyyy, and GogaCI could mediate
activation signals from NGF. It should be noted that tran-
sient expression of each distinct Go: subunit in PC12 cells
did not affect the ability of NGF to induce JNK phos-
phorylation (Fig. 4c, d upper panels). Collectively, these
results indicate that NGF could utilize PTX-resistant G,
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Fig. 4 NGF-induced JNK phosphorylation involves Gy, proteins. a.
PC12 cells were seeded into 12-well plates and then cultured in
reduced serum (0.1% FCS) with or without PTX (100 ng/ml) for
24 h. PC12 cells were stimulated with 1 ml assay medium containing
5 ng/ml NGF for 10 min. Cell lysates were analyzed for JNK
phosphorylation. *NGF significantly stimulated JNK phosphorylation
(Dunnett ¢ test, P < 0.05). *NGF-induced JNK phosphorylation was
significantly inhibited by PTX (Dunnett ¢ test, P < 0.05). Values are
the mean £ S.E. from three separate experiments while only
representative Western blots are shown. b. Primary cortical neuron
cultures at DIV7 were seeded into 6-well plates and then replenished
with the growth medium without B27 supplement in the presence or

PTX-sensitive G,5 and G;;_3 in PC12 cells to regulate JNK
activity.
Discussion

G protein-coupled receptors and receptor tyrosine kinases
represent two of the largest families of cell surface receptors

— D —— —

NGF - + = +

P-JNK

T-JNK

PTX

D [l Control [] 5 ng/mI NGF

12 =
= *
e
4
s
g0
=] ="T="T="=""=| P-JNK
b£ — — s — —
§'ﬁ S Toprx
=
;-E i * * g
z >~ # #
2 -
0-
= A —— - =| P-JNK
e w on| TINK

H_.C e
Com‘rwqu GQ::C?QL; GQIJC‘]

absence of PTX (100 ng/ml) for 24 h. The cultures were then
stimulated with 5 ng/ml NGF for 15 min and their cell lysates
analyzed for JNK phosphorylation. ¢ and d. PC12 cells were seeded
into 12-well plate and transfected with cDNAs encoding Go.,, Gooa,
GooaCl, Goyo, Goio,, Goyp, GogCI, Goys, or GoysCl oas indicated.
Transfected PC12 cells were susbsequently treated as in a and
challenged with 5 ng/ml NGF for 10 min. Cell lysates were analyzed
for JNK phosphorylation. *NGF significantly stimulated JNK phos-
phorylation (Dunnett ¢ test, P < 0.05). *NGF-induced JNK
phosphorylation was significantly reduced by PTX treatment (Dunnett
t test, P < 0.05). Values are the mean &+ S.E. from three separate
experiments while only representative Western blots are shown

and both receptor families utilize highly sophisticated sig-
naling networks with numerous loci for cross-talk [24]. One
such locus for signal integration is the MAPK cascade.
Activation of JNK has been reported to participate in neu-
ronal differentiation and NGF-deprivation induced
apoptosis of PC12 cells [2, 17, 18]. Based on the sensitivity
of NGF-induced phosphorylation of JNK to PTX, the
present study demonstrates the involvement of G;j, proteins
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in TrkA-mediated JNK activation. This conclusion is fur-
ther supported by our demonstration that expression of
PTX-resistant versions of selected Go: subunits can confer
total PTX resistance to the NGF-induced response and
preliminary studies that indicate Go;;_3 can be co-immu-
noprecipitated with the TrkA receptor (41 and our
unpublished observations). These findings are in agreement
with the PTX-induced abrogation of NGF-mediated ERK
signaling previously observed in PC12 cells [27].

Some of the signaling intermediates engaged in NGF-
induced JNK activation in PC12 cells were elucidated in
the present study. Inhibitors against JAK3, p38 MAPK,
MEK1/2 and Src were as effective as the JNK-selective
inhibitors. It is the first time to discover that NGF utilizes
JAK3 to regulate JNK activity. SB203580 abolishes p38
MAPK activity by inhibiting MAPKAP kinase 2, a com-
mon downstream signaling effector of p38 MAPK and
ERK. The requirement for MAPKAP kinase 2 and MEK1/2
implies the involvement of p38 MAPK and ERKI1/2 in
NGF-induced JNK activation. Elevated cAMP levels also
induce neurite outgrowth of PC12 cells via transactivation
of epidermal growth and TrkA receptors [42]. Thus the
ERK1/2/p38 MAPK-MAPKAP kinase 2 and cAMP path-
ways provide possible loci for signal integration of TrkA
receptor and G;j,, proteins.

Despite the requirement for MEK/ERK activity, NGF-
induced JNK activation appeared to be independent of c-
Raf-1, reflecting a lack of involvement of the typical Ras/
Raf-1/MEK/ERK pathway. TrkA may employ alternative
pathways to activate ERK. In this regard, the role of Raf-1
may be substituted by another Raf kinase, B-Raf, which is
activated by the Ras-like small GTPase Rapl. It is note-
worthy that Go,, has been shown to activate ERK via B-Raf
[43]. Moreover, Go;, has been shown to mediate growth of
LLC-PK, renal epithelial cells by a Raf-1-independent
activation of ERK1/2 [44]. The PTX-sensitive Gy, proteins
are thus perfectly positioned to transduce the signal from
TrkA to the Rapl/B-Raf/MEK/ERK pathway. Additional
experiments are required to confirm if this postulation is
indeed correct. It is also noteworthy that the Gy/,-coupled
sst2 somatostatin receptor has been shown to activate
ERK?2 via a Src-dependent but Raf-1-independent pathway
[45].

In addition, we have presented evidence that Src kinase
is involved in NGF-induced JNK activation. The phos-
phorylation of JNK elicited by NGF was significantly
inhibited by specific Src inhibitors. More interestingly,
NGF-induced Src activation appeared to be routed through
G/, proteins since Src phosphorylation was PTX-sensitive
[41]. Activation of Src family kinases is known to play a
role in G protein-regulated signaling pathways [46]. G;
proteins can activate Src directly via Go; [34] or indirectly
through Gpfy-mediated binding of f-arrestin [47].

@ Springer

Moreover, many G;-coupled receptors can stimulate JNK
in a Src-dependent manner [35]. The involvement of Src
downstream of G; proteins provides the means to activate
JNK, probably via the small GTPases Rac and Cdc42 and
then MKK3/6 [48]. And the activity Rac/Cdc42 protein is
required for the neurite outgrowth of PCI12 cells [49].
Given that Src can bind to both TrkA and Gu;_3, it may
subserve the role of an adaptor in addition to being an
effector of TrkA and Go;y_3.

Despite the fact that both Raf-1 and PI3K are critical
components in NGF-induced neuronal differentiation and
survival [25, 50], neither appears to be essential for the
activation of JNK by NGF (Figs. 2, 3). TrkA has recently
been shown to co-immunoprecipitate with calmodulin from
PC12 cell lysates [51], thus raising the possibility that
CaMKII may mediate part of the signals generated by
NGF. However, inhibition of CaMKII by KN62 had no
effect on NGF-induced JNK phosphorylation (Fig. 3a).
PLC, calmodulin, and PKC, signaling molecules lying
upstream of or parallel to CaMKII, also appeared to be
dispensable in the activation of JNK by NGF. Hence, in
terms of dependency on the PLC/PKC/CaMKII cascade,
regulation of JNK by NGF is different from that of ERK
activation [52].

The exact identity of the PTX-sensitive G protein(s)
responsible for relaying part of the activation signal from
TrkA to JNK has not been fully elucidated. Previous
studies have established that Go,, Go;; and Goy, are sig-
nificantly upregulated in PC12 cells following NGF-
induced neuronal differentiation [20, 53]. Yet, another
study revealed that activation of G, attenuates PC12 cell
differentiation [54]. Both PTX-sensitive and -insensitive
members of the Gy, subfamily thus appear to directly or
indirectly participate in neuronal differentiation of PC12
cells. The ability of Go;;_3 to co-immunoprecipitate with
TrkA (41 and our unpublished observations) suggests that
Gua;_3 can physically associate with the TrkA receptor,
perhaps through adaptor proteins or as part of a macro-
molecular signaling complex. Ga;,_3 and Go, participate in
the adipocyte differentiation [55]. Goy, has previously been
reported to interact with pathways required for differenti-
ation of F9 teratocarcinoma cells [56]. The activity of Gos
is involved in enterocytic differentiation of cell lines
derived from human colon adenocarcinomas - HT-29 and
Caco-2 [57]. And NGF is able to utilize members of the
Rho GTPase family including Racl and Cdc42 to induce
neurogenesis of PC12 cells [58]. The association of Go;;_3
with the TrkA receptor does not appear to depend on the
activation status of TrkA because application of NGF did
not affect their interaction [41]. Although Gu,s and Guo,
did not precipitate along with TrkA [41], their involvement
in NGF-induced JNK activation should not be simply
dismissed. Hints of functional involvement of Go,, and
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Go, in NGF-induced signaling can be gleaned from the
responses obtained with PC12 cells overexpressing Go,5CI
or Go,. Provision of the PTX-resistant Go,, CI mutant or
Gua, conferred total PTX-resistance to NGF-induced JNK
phosphorylation, indicating that these G proteins can
functionally replace endogenous Gy, proteins which have
been inactivated by the toxin. TrkA receptor may have a
higher preference for G;;_3 in PC12 cells or it may interact
with Gy and G, through a different mechanism. Potential
linkages of TrkA receptor to G, and G, are especially
interesting because these two G proteins are predominately
expressed in neural tissues. It should be noted that the
functional G protein component which stimulates MAPK
activity is likely to be the G5y complex rather than the Ga;,
oz subunit. Expression of Gfy or constitutively active Gag
in HEK 293 cells results in the activation of MAPK [59],
whereas similar reports have not been documented for any
of the constitutively active Go; subunits. Although the
involvement of Gfy in NGF-induced MAPK activation has
not been vigorously examined, the fact that NGF can
employ multiple G; members for signal transduction sup-
ports this notion. Identification of the G; protein that is
responsible for relaying the PTX-sensitive component of
the NGF-induced JNK phosphorylation will require more
definitive studies, perhaps using knock-down approaches
with siRNA against individual G protein subunits.
Irrespective of which PTX-sensitive G protein is actu-
ally activated upon NGF treatment of PCI2 cells, a
fundamental question relates to how the activation signal is
conveyed to the G protein. Reports on the functional
interaction between growth factor receptors and Gy, pro-
teins are rapidly accumulating [60-63]. For instance, IGF-1
has been shown to activate G; to release the Gffy complex,
which in turn initiates activation of ERK1/2 [64, 65]. The
IGF-1 receptor appears to associate with a signaling com-
plex composed of a regulator of G protein signaling (RGS)
protein known as Go interacting protein (GAIP) and the
GAIP interacting protein C terminus (GIPC; 66). The TrkA
receptor can similarly utilize GIPC/GAIP to regulate
MAPK. TrkA receptors and GAIP have been shown to
simultaneously bind to the PDZ domain of GIPC at dif-
ferent binding sites [67], and overexpression of GIPC
reduces NGF-induced ERKI1/2 phosphorylation. The
association of TrkA receptor with GIPC/GAIP and the
inhibition of ERK1/2 activity by GIPC suggest that GIPC
may provide a link between TrkA and G protein signaling
pathways [67]. It is noteworthy that GIPC has been
reported to regulate the subcellular distribution of a
membrane-associated, neurally enriched member of the
semaphorin family of axon guidance signals [68]. More
intriguingly, NGF can utilize RGS6 to regulate differenti-
ation of PC12 cells [69]. TrkA receptors may also behave
like PDGF receptors. PDGF receptors are tethered to G

protein-regulated signaling pathways by recruitment and
activation of GRK2 and pf-arrestin 1, thus providing a
platform on which receptor tyrosine kinase and G protein
signals can be integrated to produce more efficient stimu-
lation of MAPK [27, 70]. It is noteworthy that f-arrestin 2
has been identified as a binding partner with JNK3 and acts
as a receptor-regulated MAPK scaffold for JNK activation
under the control of a GPCR [71]. Furthermore, there is
increasing evidence for the convergence of signals from
RTKSs and GPCRs along with the recruitment of scaffold-
ing adaptor proteins that can channel various extracellular
stimuli to the phosphorylation of tuberin via the PI3K/Akt
pathway [72-74]. Particular to NGF, TrkA can be coupled
with the PI3K adaptor protein Grb2, the phosphorylation of
which is in turn linked to a Gi-coupled receptor [72]. Even
though these findings do not provide obvious linkages
between the TrkA receptor and Gy, proteins, they
strengthen the possibility that G proteins do indeed par-
ticipate in mediating NGF-induced signals.

Although the present study reveals that NGF employs a
multitude of intermediates including G;j;_3 proteins, c-Src,
p38 MAPK and ERK1/2 to activate JNK in PC12 cells, the
map of signal routing is far from complete. The linkage
between G proteins and JNK certainly needs further map-
ping. Among the obvious candidates are the small GTPases
such as Cdc42, Rac and Rho that are known to be activated
by NGF [75]. Additionally, NGF-induced neurite out-
growth of PC12 cells requires Rapl, Rapl GTPase
activating protein, and Ras-like small GTPase Rin [49, 54].
These small GTPases may act as a point of convergence for
both TrkA receptors and Gy, proteins. Like many crucial
biological processes, complexity in the coordination of
neuronal differentiation ensures that the course of action
can proceed despite minor defects. Collectively, our pres-
ent study demonstrated that NGF was able to utilize Goy;;_3,
JAK3, Src, ERK1/2 and p38 MAPK to induce JNK phos-
phorylation. Also, JNK activity was essential for neurite
outgrowth of PC12 cells.
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