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Nerve Growth Factor Activates Persistent Rap1 Signaling in

Endosomes
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We investigated a role for endogenous Rap1, a small mono-
meric GTP-binding protein of the Ras family, in nerve growth
factor (NGF) signaling in PC12 cells. Although both epidermal
growth factor (EGF) and NGF caused transient activation of
Ras, only NGF induced the activation of Rap1. Moreover, Rap1
activation was sustained for hours, an effect that matched the
sustained activation of the mitogen-activated protein kinase
(MAPK) pathway. To investigate the molecular basis for Rap1
activation, we examined complexes containing C3G, a guanine
nucleotide exchange factor for Rap1, and CrkL, an adapter
protein known to influence Rap1 signaling. NGF induced the
formation of a long-lived complex containing C3G/CrkL/Shp2/

Gab2/TrkA. Linking the complex to Rap1 activation, we copre-
cipitated activated TrkA and activated MAPK with activated
Rap1 in NGF-treated cells. Confocal microscopy and subcel-
lular fractionation showed that activated Rap1 and the other
proteins of the signaling complex were present in endosomes.
Pretreatment of PC12 cells with brefeldin A (BFA), which dis-
rupts the Golgi and endosomal compartments, had little effect
on Ras activation but strongly inhibited NGF-induced Rap1
activation and continuing MAPK activation. We propose that
endosomes are a site from which NGF induces the prolonged
activation of Rap1 and MAPK.
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Nerve growth factor (NGF) is a target-released factor that pro-
motes the survival and differentiation of responsive neurons
(Meakin and Shooter, 1992; Chao et al., 1998; Howe and Mobley,
2001). The signal that is initiated by NGF at the axonal terminal
must move retrogradely to elicit NGF actions in the cell body.
Because in some neurons the NGF signal must move over long
distances, the signal must be specific, robust, and long-lived.
Recent studies suggest that endosomes containing NGF and
activated TrkA may signal with these properties (Grimes et al.,
1996, 1997). Also, it is known that complexes containing endocy-
tosed NGF and activated TrkA are transported retrogradely from
the axon to the cell body (Ehlers et al., 1995; Riccio et al., 1997;
Sandow et al., 2000) and that the retrogradely transported signal
results in long-lasting activation of cAMP response element bind-
ing proteins (CREB; Riccio et al., 1997, 1999). The findings
suggest that retrograde NGF signaling could be mediated by
endosomes.

NGF signals via the mitogen-activated protein kinase (M APK)
pathway to influence many aspects of neuronal survival and
differentiation. Persistent activation of the MAPK pathway has
been postulated to be essential for NGF-induced differentiation
of pheochromocytoma (PC12) cells (Boulton et al., 1991; Cowley
et al., 1994; Young et al., 1994; Marshall, 1995; Pang et al., 1995).
Because many of the differentiative responses to MAPK are
mediated in the neuronal cell body, we hypothesized that signal-
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ing endosomes are a source of persistent MAPK signaling. To
explore the mechanism by which NGF induces persistent MAPK
activation, we tested the involvement of Rapl. Recent attention
has focused on the signaling properties of this protein, a member
of the Ras family (Bos, 1998; Grewal et al., 1999). Studies using
transient transfection demonstrated that NGF activated His-
tagged Rapl to stimulate the MAPK pathway via the B-Raf
kinase (York et al., 1998). On the basis of these results, Stork and
colleagues proposed that Rap1 activates B-Raf to cause sustained
activation of the Mek/M APK cascade (York et al., 1998; Grewal
et al., 1999). However, Zwartkruis et al. (1998) disputed this
interpretation because they failed to detect the activation of
endogenous Rapl in NGF-treated PC12 cells. To reexamine the
issue and to circumvent possible artifacts attributable to micro-
injection and transfection/overexpression, we analyzed NGF ef-
fects on endogenous Ras and Rapl signaling in PC12 cells.

We demonstrated that, whereas both NGF and epidermal
growth factor (EGF) induced transient Ras activation, only NGF
elicited the stimulation of Rapl. Persistent Rapl activation cor-
related temporally with the continuing activation of MAPK. C3G
and CrkL, proteins shown to mediate signaling to Rapl, were
present in signaling protein complexes in cells that were treated
with NGF and EGF, but the composition of these complexes
differed markedly. In NGF-treated cells a long-lived complex that
contained C3G, CrkL, Shp2, Gab2, and TrkA was present. Com-
pelling evidence for a significant role for Rapl in NGF signaling
was the finding that activated Rapl specifically could be precipi-
tated together with activated TrkA and activated MAPK in
NGF-treated cells. To establish the cellular site of Rap1 signaling,
we performed subcellular fractionation and confocal microscopic
studies. Both showed that after NGF treatment Rap1l was present
together with the other proteins of the signaling complex and with
activated MAPK in endosomes. By treating cells with brefeldin A
(BFA) to disrupt the Golgi/endosomal compartments, we specif-
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ically inhibited Rapl activation and blocked persistent MAPK
activation. Our results are evidence that NGF signals via Rap1 in
endosomes to activate the MAPK pathway persistently.

MATERIALS AND METHODS

Antibodies and reagents. Mouse antibodies to EEA1, Ras, and Rap1 were
purchased from Transduction Laboratories (Lexington, KY). Rabbit
antibodies to the EGF receptor (EGFR), Mek1, Rab5B, Rapl (Krev-1),
C3G, Cbl, CrkL, B-Raf, Shp2, and a mouse antibody to TrkA (MCTrks)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse antibodies to phosphotyrosine (4G10) and Erk2 (M APK2) were
purchased from Upstate Biotechnology (Lake Placid, NY). Rabbit anti-
bodies to pTrkA (pY490), MAPK1/2 (Erkl1/2), and the phosphorylated,
activated MAPK1/2 were purchased from New England Biolabs (Bev-
erly, MA). Rabbit antisera against Gab2 were a kind gift from Dr. G.-S.
Feng (Indiana University School of Medicine, IN). BFA, K252a, n-octyl-
B-D-glucopyranoside, EGF, and basic fibroblast growth factor (bFGF)
were purchased from CalBiochem-NovaBiochem (San Diego, CA).
Mouse NGF was purified as described previously (Mobley et al., 1986).
Horseradish peroxidase (HRP) conjugated to goat anti-rabbit or anti-
mouse IgGs was obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA). Alexa 568 goat anti-mouse IgG and Alexa 488 goat
anti-rabbit IgG conjugates were purchased from Molecular Probes (Eu-
gene, OR). Protein A—agarose conjugates and SuperSignal reagents were
obtained from Pierce (Rockford, IL). OptiPrep was obtained from Life
Technologies (Rockville, MD). Agarose—glutathione conjugates and all
other chemicals were purchased from Sigma (St. Louis, MO).

Cell culture. PC12 and 6-24 cells (a PC12 cell line that overexpresses
the wild-type TrkA receptor) (Stephen et al., 1994) were maintained in
DMEM (4.5 mg/l glucose) supplemented with 10% heat-inactivated
horse serum and 5% fetal bovine serum (FBS). Cells were incubated at
37°C with 5% CO.,. Cells that were 50—-60% confluent and serum-starved
for 24 hr before treatments were used in all experiments. All treatments
were performed by adding growth factors and other reagents to the
media at 37°C.

Ras and Rap1 activation assay. Established methods were used to detect
endogenous GTP-bound Ras and Rap1 proteins (Herrmann et al., 1995,
1996). The fusion constructs between glutathione S-transferase (GST)
and either the Rap binding domain of RalGDS (RalGDSRBD) or the
Ras binding domain of C-Raf (C-RafRBD) (gifts from Dr. J. L. Bos,
Utrecht University, Netherlands) were overexpressed in Escherichia coli
DH5a cells. The fusion proteins were purified (Herrmann et al., 1995)
and used to assay for Rap1 “™F and Ras ", respectively. Briefly, equal
numbers of treated or untreated PCI12 cells were lysed on ice for 30 min
in fishing buffer [FB; 10% glycerol, 1% NP-40, and (in mm) 50 Tris-HCI,
pH 7.5, 200 NaCl, 2.0 MgCl,, 10 NaF, and 1 Na;VO, plus 250 um
phenylmethylsulfonyl fluoride (PMSF), 2 ug/ml aprotinin, 1 ug/ml leu-
peptin, and 10 pg/ml soybean trypsin inhibitor]. The samples were
centrifuged at 14,000 rpm for 30 min at 4°C. Either 5 pg of RalGD-
SRBD/GST or 5 pg of C-RafRBD/GST proteins prebound to agarose—
glutathione conjugates was added to the resulting supernatants and
incubated at 4°C for 60-120 min with gentle rotation. The beads were
washed four times in cold FB and boiled in SDS-PAGE sample buffer.
The amounts of Ras ™" and Rap1 ©™F were analyzed by SDS-PAGE and
immunoblotting.

Cell fractionation. Fractionation of PC12 cells was performed at 4°C,
using a slight modification of the method described by Sheff et al. (1999).
Equal numbers of treated or untreated PC12 cells were rinsed and
harvested by centrifugation (800 X g for 5 min). Cells were resuspended
and homogenized by douncing 20 times in a Teflon-coated homogenizer
in 1 ml of cold homogenization buffer [HB; (in mm) 250 sucrose, 20
Tricine-NaOH, pH7.8, 1 EDTA, and 2 MgCl,]. The samples were cen-
trifuged (800 X g for 10 min), and the supernatant was adjusted to 25%
OptiPrep with 50% OptiPrep in HB. The resulting mixture (2 ml in 25%
OptiPrep) was placed at the bottom of an Ultra-Clear Tube (14 X 89
mm; Beckman Instruments, Palo Alto, CA) and was overlaid successively
with 2 ml each of 20, 15, 10, and 5% OptiPrep in cold HB. The samples
were centrifuged for 16—18 hr at 27,000 rpm at 4°C in a SW41 rotor
(Beckman Instruments). Membrane fractions were collected from each
of the four interphases of the OptiPrep gradients. For Rap1 ™" assay the
membrane fractions were adjusted to 1X FB by adding 3X FB to the
sample. Then the Rap1 ST? assay was performed as described above. For
some studies, proteins were precipitated from these membrane fractions
by using 7% trichloroacetic acid (TCA) and were washed with acetone.
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The pellets were air-dried, boiled in SDS-PAGE loading buffer, and
analyzed by SDS-PAGE and immunoblotting.

Immunoprecipitation, SDS-PAGE, and immunoblotting. Equal numbers
of treated or untreated cells were washed and lysed in the TET buffer (25
mM Tris-HCI, pH7.5, 5 mm EDTA, 1% Triton X-100) containing 150 mm
NaCl, 60 mM n-octyl-B-D-glucopyranoside, 250 um PMSF, and 1 mm
Na;VO,. The samples were centrifuged, and the resulting supernatants
were incubated overnight at 4°C with 4 pg of rabbit IgGs against C3G or
CrkL with gentle rotation. The immunocomplexes were collected by
using protein A-agarose conjugates. All immunoprecipitates were
washed twice in cold TET containing 250 mm NaCl and twice with cold
10 mm Tris-HCI, pH 7.5, containing 5 mm EDTA and were boiled in
SDS-PAGE sample buffer. The samples were separated on 7.5-12.5%
gels, and proteins were electrotransferred onto polyvinylidene difluoride
(PVDF) membranes. The PVDF membranes were preblotted with 5%
nonfat milk (Carnation) and probed with primary antibodies, as indi-
cated, at concentrations suggested by the suppliers. The blots were
washed in TBST (0.1% Tween 20 in TBS), followed by incubation with
either goat anti-mouse or anti-rabbit [gG-HRP conjugates at a dilution
of 1:10,000-1:40,000. The blots were washed and developed with Super-
Signal (Pierce).

Indirect immunofluorescence. PC12 cells were grown for 24—-48 hr on
glass coverslips coated with Matrigel (Becton Dickinson, San Diego,
CA). Cells were washed twice briefly with cold PBS and fixed with
ice-cold 100% methanol for 5 min. The samples were rinsed three times
with cold 50% methanol, followed by three rinses with PBS at room
temperature (RT). The fixed cells were preblocked with 0.8% bovine
serum albumin (BSA) in PBS for 20 min at RT. Primary antibodies were
diluted at 1:300-1:500 in PBS containing 0.8% BSA and were incubated
with the fixed cells for 1 hr at RT. The samples were washed with PBS
containing 0.8% BSA three times and then incubated with goat anti-
rabbit or anti-mouse—IgG Alexa conjugates (1:600) for 1 hr at RT. The
coverslips were washed with PBS containing 0.2% BSA three times,
followed by a rinse with PBS and dH,O. The coverslips were air-dried
and mounted in anti-fade medium for observation by confocal micros-
copy. The images were captured with a Nikon Eclipse E800 microscope
and a Bio-Rad Laser-Scanning System Radiance2000 (Hercules, CA).
Using a 60X Plan-Apo immersion objective (numerical aperture, 1.4), we
collected images at the half-height of the cell with an iris of 2.0 mm, a
zoom of 3, five passes with a Kalman filter, and a 512 X 512 collection
box. The images were processed by Confocal Assistant 4.02 (Bio-Rad)
and Adobe Photoshop 5.0 (Adobe Systems, Mountain View, CA).

RESULTS

NGF, but not EGF, stimulated prolonged activation

of MAPK

To examine the signaling pathways activated by EGF and NGF,
we first evaluated their effects on M APK activation in PC12 cells.
Serum-starved cells were treated with either EGF (50 ng/ml) or
NGF (50 ng/ml) for the indicated time intervals (Fig. 14). Cell
lysates were analyzed by SDS-PAGE and immunoblotting. EGF
induced the transient activation of MAPK, as detected with an
antibody that specifically recognizes the phosphorylated (i.e.,
activated) forms of MAPK (Fig. 14). Activated MAPK was seen
at 2-5 min but was not detected after 5 min. NGF-stimulated
MAPK activation showed a different time course. Activated
MAPK was detected at 2 min and reached the maximal level at 5
min. However, in contrast to EGF treatment, significant MAPK
activation was still detected at 60 min of NGF treatment (Fig.
1A). As a loading control, we reprobed the blot with an antibody
to MAPK2, the 42 kDa MAPK. The total amount of M APK2
was unchanged during the experiment. We conclude that NGF
stimulates the sustained activation of MAPK.

NGF and EGF induced transient activation of
endogenous Ras in PC12 cells

To ask whether the activation of endogenous Ras could account
for the sustained activation of M APK elicited by NGF, we exam-
ined Ras activation via an established method (Herrmann et al.,
1995). The method takes advantage of specific binding of a
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Figure 1. Analysis of endogenous Ras and Rap1 activation in EGF- and
NGF-treated cells. Equal numbers of serum-starved PCI12 cells were
treated with either EGF (50 ng/ml) or NGF (50 ng/ml) for the indicated
time intervals or the vehicle control (0 min). A, The cells were rinsed and
lysed in RIPA buffer. Proteins (40 ug) from each cell lysate were sepa-
rated on SDS-PAGE and analyzed by immunoblotting. The blot was
probed with a rabbit antibody that specifically recognizes phosphorylated
MAPK (top). Then the blot was reprobed with a mouse antibody against
MAPK?2 (bottom). B, Ras “"" was precipitated with the C-RafRBD/GST
fusion protein. The fusion protein was prebound to glutathione—agarose
beads before incubation with cell lysates. After incubation the beads were
washed and boiled in SDS-PAGE sample buffer. The samples were sep-
arated on 12.5% SDS-PAGE, and the proteins were transferred onto
PVDF membrane. The membrane was probed with a mouse antibody to
Ras. C, The amounts of Rap1 ™" that followed EGF and NGF treatment
were assayed as in B, except that the RalGDSRBD/GST fusion proteins
were used to precipitate Rapl STF. The resulting blot was probed with a
mouse antibody to Rap1. D, Cells were pretreated with either vehicle (—)
or 0.5 uM K252a (+) for 15 min at 37°C before treatment with NGF (50
ng/ml) for the indicated times. Activated Rapl was assayed as in C. E,
Serum-starved 6-24 cells were treated with NGF (50 ng/ml) for the
indicated time intervals or the vehicle control (0 min). The amount of
Rap1“TP was assayed as in C. All blots were visualized with SuperSignal;
the results shown are representative of at least three independent
experiments.

C-RafRBD/GST fusion protein to the activated form of Ras (i.e.,
Ras“T?). The amount of Ras®™® that followed EGF or NGF
treatment was analyzed by SDS-PAGE and immunoblotting.
Representative blots are shown in Figure 1B. Ras was activated
rapidly by both EGF and NGF (Fig. 1B). EGF-induced Ras
activation was detected as early as ~10 sec, reached the maximal
level at ~2 min, decreased to a low level at 5 min, and was
detected only weakly thereafter (Fig. 1B). A similar pattern for
Ras activation was observed with NGF treatment. NGF-induced
Ras activation was maximal at 2 min but was no longer detected
after 5 min (Fig. 1B). Thus, the transient activation of endoge-
nous Ras alone is insufficient for the prolonged activation of
MAPK in NGF-treated cells.
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Rap1 was activated by NGF, but not by EGF

We next investigated whether endogenous Rap1l was activated by
NGF. Similar to the assay used for activated Ras, a RalGDS-
RBD/GST fusion protein was used to analyze Rapl activation
(Herrmann et al., 1996). No significant activation of Rapl was
detected after EGF treatment (Fig. 1C). In contrast, NGF treat-
ment elicited a marked increase in Rap1 “™* (Fig. 1C). Moreover,
unlike the transient pattern seen for Ras activation (Fig. 1B),
NGF-induced Rap1 activation was persistent. Although Rap1 was
activated weakly at early time points (2-10 min; Fig. 1C), there
was a marked increase at 30 min, and the activation continued
through at least 180 min. The increase at 30 min and thereafter
was not attributable to newly synthesized Rapl, because we did
not observe an increase in Rapl protein by immunoblotting, and
cycloheximide, an inhibitor of protein synthesis, had no effect
(data not shown).

To investigate further the NGF effect on Rapl, we tested 6-24
cells, a PC12 cell line that overexpresses TrkA (Stephen et al.,
1994). The 6-24 cells were treated with NGF (50 ng/ml) for the
indicated time intervals. Activated Rap1 was assayed as described
above. Our results showed that NGF treatment activated Rap] at
5 min. There was a marked increase in Rap1 activation after 10
min. The maximal level was seen at 60-180 min (Fig. 1E).
Because Rapl was activated more robustly in cells that overex-
press TrkA, the possibility was raised that NGF signals via TrkA
to induce Rapl activation.

To show that TrkA was required for NGF-induced persistent
Rapl activation, we pretreated serum-starved PC12 cells with
either vehicle or 0.5 um of K252a, a TrkA-specific inhibitor,
before NGF treatment. Activation of Rapl was assayed as de-
scribed previously. The results showed that pretreatment with
K252a abolished NGF-induced Rapl activation (Fig. 1D). Thus,
we conclude that NGF acts via TrkA to induce the persistent
activation of Rap1 and that this effect correlates temporally with
the sustained activation of MAPK in NGF-treated cells.

bFGF also stimulated Rap1 activation and MAPK in
PC12 cells

Like NGF, bFGF induces the differentiation of PC12 cells
(Greene and Tischler, 1982). We reasoned that if Rap1 activation
and the persistent activation of MAPK are both required for the
differentiation of PC12 cells, bFGF treatment should result in
the induction of both responses. We tested the effect of bFGF
on the activation of Ras, Rap1, and MAPK. When serum-starved
PC12 cells were treated with bFGF (50 ng/ml), Ras activation was
induced transiently in a pattern similar to that for NGF (Fig. 24).
Ras was activated maximally at 2-5 min and was downregulated
rapidly thereafter (Fig. 24). Activation of Rapl was detected as
early as 5 min, and the maximal level was seen at 60 min (Fig.
2B). Similar to treatment with NGF, activated Rapl was still
detected at 180 min in bFGF-treated cells (Fig. 2B). As seen with
NGF, bFGF induced the sustained activation of MAPK (Fig. 2C).
Activated M APK was detected at 2 min and persisted through at
least 60 min. In demonstrating that the prolonged activation of
both Rapl and MAPK was induced by bFGF, our findings lend
further support to the suggested links among the activation of
endogenous Rapl, the persistent activation of MAPK, and the
differentiation of PC12 cells.

NGF and EGF differentially affected C3G, the Rap1-
specific guanine nucleotide exchange factor

To investigate how NGF induced the persistent activation of
Rapl, we examined the effect of NGF treatment on signaling
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Figure 2. bFGF caused persistent activation of endogenous Rapl and
MAPK in PCI12 cells. Equal numbers of serum-starved PC12 cells were
treated with bFGF (50 ng/ml) for the indicated time intervals or the
vehicle control (0 min), and activation of Ras (A) or Rapl (B) was
assayed as in Figure 1. C, Equal numbers of serum-starved PC12 cells
were treated with bFGF (50 ng/ml) for the indicated time intervals or the
vehicle control (0 min). Cells were rinsed and then lysed in RIPA buffer
as in Figure 1. Proteins (40 pg) from each cell lysate were separated on
SDS-PAGE and analyzed by immunoblotting. The blot was probed with
a rabbit antibody against phosphorylated MAPK. Then the blot was
reprobed with a rabbit antibody to total MAPK. All blots were visualized
with SuperSignal; the results shown are representative of at least three
independent experiments.

proteins that regulate the activity of Rapl. The results for NGF
were compared with those for EGF, because EGF failed to
activate Rapl. C3G is a guanine nucleotide exchange factor that
specifically interacts with and activates Rapl by catalyzing the
conversion of Rapl from the inactive (Rap1“P") to the active
form (Rap1°™¥; Gotoh et al., 1995). Because tyrosine phosphor-
ylation has been suggested to be required for C3G activity (Ichiba
et al., 1999), we evaluated the tyrosine phosphorylation state of
C3G. Serum-starved PC12 cells were treated with either EGF or
NGF for time intervals ranging from 0 to 30 min. C3G was
immunoprecipitated from cell lysates and analyzed by SDS-
PAGE and immunoblotting. C3G was tyrosine phosphorylated
constitutively in PC12 cells, as revealed by blotting with 4G10
(Fig. 34,B). EGF treatment induced the rapid dephosphorylation
of C3G and caused the rapid association of C3G with a number of
tyrosine-phosphorylated proteins for which the estimated molec-
ular masses ranged from 95 to 170 kDa (Fig. 34). This observa-
tion suggests that tyrosine phosphorylation may regulate the
ability of C3G to interact with other proteins. In contrast to the
findings for EGF, NGF treatment did not produce an appreciable
change in tyrosine-phosphorylated C3G, nor was C3G shown to
become associated with novel tyrosine-phosphorylated proteins
in NGF-treated cells (Fig. 3B). To investigate further the pres-
ence of tyrosine phosphorylation of C3G after EGF or NGF
treatment, we immunoprecipitated tyrosine-phosphorylated pro-
teins with anti-phosphotyrosine antibodies (4G10) from cells that
were treated with either EGF or NGF for time intervals ranging
from 0 to 30 min. The precipitates were separated on SDS-PAGE
and immunoblotted with anti-C3G antibodies. Our results con-
firmed that C3G became dephosphorylated transiently and mark-
edly in EGF-treated cells (Fig. 3C). No other bands correspond-
ing to tyrosine-phosphorylated C3G were evident in EGF-treated
cells at 2 min (Fig. 3C). In NGF-treated cells the level of tyrosine
phosphorylation in C3G was somewhat decreased relative to the
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Figure 3. C3G was tyrosine phosphorylated constitutively and formed a
complex with CrkL in PC12 cells. Equal numbers of serum-starved PC12
cells were treated with EGF (50 ng/ml; A) and NGF (50 ng/ml; B) for the
indicated time intervals or the vehicle control (0 min). Cells were washed
and then lysed as described in Materials and Methods. The supernatants
were incubated with 4 ug of rabbit IgGs against C3G (4, B). C, Equal
numbers of serum-starved PC12 cells were treated with EGF (50 ng/ml)
or NGF (50 ng/ml) for the indicated time intervals or the vehicle control
(0 min). Cells were washed and then lysed. The supernatants were
incubated with 4 ug of mouse IgGs against phosphotyrosine (4G10). All
immunoprecipitates were analyzed by 10% SDS-PAGE and immunoblot-
ting. The resulting blots were probed with the specified antibody. All blots
were visualized with SuperSignal; the results shown are representative of
at least three independent experiments.

control, but tyrosine-phosphorylated C3G was readily evident at
all time points.

In several cell lines C3G has been shown to form complexes
with Crk in response to growth factor stimulation (Gotoh et al.,
1995; Boussiotis et al., 1997; Okada and Pessin, 1997). We asked
which of the two predominant Crk isoforms, CrkII or CrkL, was
present in the C3G immunoprecipitates. The 40 kDa CrkII was
not detected in the complex by immunoblotting (data not shown).
The 36 kDa CrkL was found to be associated constitutively with
C3G in serum-starved PC12 cells (Fig. 34,B). EGF treatment
resulted in a marked decrease in the amount of CrkL (Fig. 34).
The decrease was apparent by 2 min and persisted through 30
min. NGF treatment did not result in a decrease in CrkL in
complex with C3G (Fig. 3B). These results demonstrate clear
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differences for EGF and NGF signaling on tyrosine phosphory-
lation of C3G and on proteins found in complex with C3G.

NGF and EGF induced the formation of different
multicomponent signaling protein complexes
containing C3G and CrkL

CrkL has been shown to play an important role in regulating
Rapl activation and in suppressing Ras-dependent signaling in T
lymphocytes (Boussiotis et al., 1997). When cotransfected with
C3G, CrkL was effective in enhancing Rapl activation in PC12
cells (York et al., 1998). These findings together with our data for
the continued association of C3G and CrkL after NGF treatment
pointed to the possibility that endogenous CrkL might regulate
NGF signaling to Rapl. To examine a role for CrkL, we treated
serum-starved PC12 cells with either EGF or NGF. CrkL was
immunoprecipitated and analyzed by SDS-PAGE and immuno-
blotting (Fig. 4). A short exposure of the blots probed with 4G10
showed that several tyrosine-phosphorylated proteins were asso-
ciated with CrkL in unstimulated cells. There were at least three
such prominent proteins with apparent molecular masses of 130,
95, and 68 kDa (Fig. 44). None of these proteins was detected
after 5 min of EGF treatment. Instead, a new protein with a
molecular mass of 120 kDa appeared in the CrkL immunopre-
cipitates in EGF-treated cells (Fig. 44). At 10 min the tyrosine-
phosphorylated proteins seen in the quiescent state were detected
again. A longer exposure of Figure 44 revealed additional differ-
ences between EGF and NGF treatments (Fig. 4B). EGF induced
the transient association of CrkL with a 170 kDa tyrosine-
phosphorylated protein (Fig. 4B). In contrast, NGF treatment
induced the appearance of a tyrosine-phosphorylated 84 kDa
protein that persisted in the CrkL complexes through 60 min (Fig.
4B, arrow). We conclude that CrkL forms complexes with differ-
ent proteins in response to EGF and NGF treatments.

To identify the tyrosine-phosphorylated proteins that were
associated either constitutively or transiently with CrkL, we
probed the blots for a number of known signaling proteins (Fig.
4C). Our results revealed the following: (1) the 170 kDa tyrosine-
phosphorylated protein that became associated with CrkL only
after EGF treatment was the EGF receptor; (2) the 130 kDa
constitutively tyrosine-phosphorylated protein was C3G; (3) the
120 kDa tyrosine-phosphorylated protein that transiently associ-
ated with CrkL in response to EGF was the adapter protein Cbl;
(4) the tyrosine-phosphorylated 84 kDa protein that became
associated with CrkL only in NGF-treated cells was the adapter
protein Gab2 (Fig. 4C); and (5) the 68 kDa constitutively
tyrosine-phosphorylated protein was the tyrosine phosphatase
Shp2 (Fig. 4C). Of note, the association of Gab2 with the CrkL-
containing complex was quite persistent (Fig. 4D). Although the
maximal level of Gab2 was seen at 30 min after NGF treatment
(Fig. 4D), a significant amount of Gab2 was still present in the
CrkL immunocomplex at 60 min (Fig. 4D). When we reprobed
the blots with a mouse anti-TrkA antibody, our results showed
that TrkA also was recruited prominently to the CrkL complex at
2-5 min (Fig. 4D). Although the amount of TrkA decreased at
later times, it was still present in the complex at 60 min (Fig. 4D).
To examine whether NGF induced the association of Gab2 with
TrkA, we immunoprecipitated TrkA from PCI12 cells (Fig. 4EF).
The blot was probed first with anti-pTrkA (pY490) antibodies,
and the results showed that TrkA was activated in these cells even
at 60 min after NGF treatment (Fig. 4E). Although the total
amount of TrkA did not appear to change, increasingly, Gab2
became associated with TrkA (Fig. 4E).
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Our finding showed that proteins known to regulate Rapl
activity are found in markedly different complexes in cells that
have been treated with EGF and NGF. CrkL constitutively
formed a complex with tyrosine-phosphorylated C3G and Shp2.
This complex was changed rapidly by EGF treatment; C3G was
dephosphorylated and a protein complex that included C3G/
CrkL/Shp2/Cbl and tyrosine-phosphorylated EGFR was formed
transiently. In contrast, C3G continued to be tyrosine-
phosphorylated in NGF-treated cells, and the C3G/CrkL/Shp2
complex became stably associated with Gab2 and TrkA. These
results raised the possibility that NGF treatment caused the
formation of a complex in which activated TrkA is linked to
activated Rapl.

We performed studies to define whether activated TrkA was
associated with activated Rapl. Serum-starved PC12 cells were
treated with NGF (50 ng/ml) for 30 min, a condition under which
Rapl is activated nearly maximally (Fig. 1C). Cells were rinsed
and lysed in FB. The resulting supernatants from both control and
NGF-treated samples were incubated with the RalGDSRBD/
GST fusion protein to precipitate Rap1“™* as described above.
The precipitates were analyzed by SDS-PAGE and immunoblot-
ting with an antibody that specifically recognizes the activated
form of TrkA (pY490). As shown in Figure 5, activated TrkA was
detected only in the NGF-treated cells. Importantly, activated
MAPK was also present in the precipitates of NGF-treated cells,
but not control cells. We conclude that activated Rap1 is associ-
ated, either directly or indirectly, with activated TrkA and acti-
vated MAPK in NGF-treated cells. These data suggest that a
signaling complex containing activated TrkA mediates the sus-
tained activation of Rapl and MAPK.

Evidence for the presence of Rap1 signaling
complexes in early endosomes in NGF-treated cells
We next undertook studies to define the subcellular localization
of activated Rapl. Several observations suggested that intracel-
lular membranes, including endosomes, would be involved in
Rap1 signaling. First, Rap1 has been shown to reside primarily in
endosomes, secretory granules, and the Golgi apparatus (Kim et
al., 1990; Beranger et al., 1991). Second, by 30 min of NGF
treatment most surface TrkA receptors have been internalized
(Grimes et al., 1996); this event coincides with the maximal
activation of Rapl seen in the current study. Importantly, in
earlier studies examining crude endosomal fractions, NGF re-
mained bound to TrkA (Beattie et al., 1996). We used confocal
microscopy to investigate the subcellular localization of Rap1 and
several components of the Rapl signaling complex by determin-
ing whether or not they colocalized with EEA1, a marker for early
endosomes (Mu et al., 1995).

We first examined the distribution of TrkA, Rapl, and acti-
vated MAPK. PC12 cells were grown on Matrigel-coated cover-
slips. The cells were serum-starved for 12 hr. Then vehicle- and
NGF-treated cells were processed for indirect immunofluores-
cence (Fig. 6). We found that Rapl was present in early endo-
somes in both control and NGF-treated PC12 cells. In vehicle-
treated cells punctate EEA1 and Rapl immunostaining
decorated structures of various size that were distributed widely
in the cytoplasm (Fig. 6C,D); partial colocalization of these
markers was seen throughout the cytoplasm (Fig. 6C). After NGF
treatment the immunostaining patterns for Rapl and EEA1 were
quite similar (Fig. 6D). There was increased colocalization of
Rapl and EEA1 with many bright puncta now clustered near the
nucleus (Fig. 6 D). Similar to previous observations (Beattie et al.,
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Figure 4. Different CrkL-containing complexes were induced by NGF
and EGF treatment. Equal numbers of serum-starved PC12 cells were
treated with either EGF (50 ng/ml) or NGF (50 ng/ml) for the indicated
time intervals or the vehicle control (0 min). The cells were rinsed, lysed,
and immunoprecipitated with 4 pg of rabbit antibodies to CrkL. The
immunoprecipitates were separated on a 7.5% SDS-PAGE and analyzed
by immunoblotting with the indicated antibodies. 4, A short exposure of
a blot probed with 4G10 to detect tyrosine-phosphorylated proteins. B, A
longer exposure of 4. EGF treatment rapidly changed the proteins asso-
ciated with CrkL. NGF recruited an 84 kDa protein to CrkL. C, The CrkL
immunoprecipitate was probed with antibodies to a number of signaling
protein molecules. After EGF treatment a complex containing C3G/
CrkL/Shp2/Cbl/EGFR was formed. In NGF-treated cells a complex was
formed that contained C3G/CrkL/Shp2/Gab2/TrkA. D, CrkL was immu-
noprecipitated as in C, except that the cells were treated with NGF (50
ng/ml) for the indicated time intervals or the vehicle control (0 min). The
immunoprecipitates were separated on SDS-PAGE, and the blot was
probed with antibodies to Gab2, TrkA, and CrkL. In NGF-treated cells
Gab2 and TrkA were both present in a complex with CrkL for the
duration of the experiment. E, Cells were treated with NGF (50 ng/ml)
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Figure 5. NGF treatment caused the association of activated TrkA with
activated Rapl. Equal numbers of serum-starved PC12 cells were treated
with NGF (50 ng/ml) or the vehicle control for 30 min. Rap1S™ was
precipitated as described in Figure 1C. The resulting precipitates were
washed and separated by a 7.5% SDS-PAGE and transferred onto a
PVDF membrane. The blot was probed with a rabbit antibody to either
phosphorylated TrkA (pY490) or activated MAPK. All blots were visu-
alized with SuperSignal; the results shown are representative of at least
three independent experiments.

1996), punctate TrkA staining was distributed widely in the cy-
toplasm in vehicle-treated cells (Fig. 64). There was little colo-
calization of TrkA and Rapl. After NGF treatment TrkA became
concentrated in the perinuclear region and displayed significant
colocalization with Rapl (Fig. 6B). Next, we stained PC12 cells
for activated MAPK. As expected, there was no signal for acti-
vated MAPK in vehicle-treated cells (Fig. 6E). However, in
NGF-treated cells activated M APK was seen in the perinuclear
region where it was partially colocalized with EEA1 (Fig. 6F).
Taken together, these results are evidence that key components of
the Rapl signaling complex are present in endosomes.

Rap1 in intracellular membranes was activated by NGF
To define further the subcellular localization of Rapl, we used a
step gradient density system of OptiPrep (5, 10, 15, 20, 25%) to
fractionate PC12 cell homogenates (Fig. 74). Membrane fractions
were collected and analyzed by SDS-PAGE and immunoblotting.
An earlier study using similar gradients revealed that plasma
membrane markers were present in low-density fractions and that
internal membranes, such as early endosomes, were found in
heavy-density fractions (Sheff et al., 1999). Consistent with these
findings, we showed that plasma membrane, as marked by EGFR,
was detected in fractions 1 and 2. The endosomal markers EEA1
and Rab5B were enriched in fractions 3 and 4 (Fig. 74).

There were striking differences for the fractionation of Ras and
Rapl in untreated cells. Although Ras was detected in lighter
fractions (Fig. 74), Rapl was present only in heavier fractions.
The presence of Ras in fractions 1 and 2 is consistent with its
known plasma membrane localization (Leevers et al., 1994).
Cofractionation of Rapl with EEA1 and Rab5B is further evi-
dence that Rapl is localized in intracellular membranes (Fig.
7A4). 1t is noteworthy that B-Raf, Mekl, and MAPK also were
detected in fractions 3 and 4 (Fig. 74) as were Gab2, C3G, and
CrkL (data not shown).

To determine whether or not NGF induced Rapl1 activation in
endosome-enriched fractions, we treated serum-starved PC12
cells with either NGF (50 ng/ml) or the vehicle for 30 min. Step

«

for the indicated time intervals or the vehicle control (0 min), and TrkA
was immunoprecipitated with MCTrk antibodies. The immunoprecipi-
tates were separated on 10% SDS-PAGE, and the blot was probed with
the following antibodies: pTrkA (pY490), total TrkA (MCTrk), and
Gab2. All blots were visualized with SuperSignal; the results shown are
representative of at least three independent experiments.
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Figure 6. Analysis of the subcellular localization of components of the
Rapl signaling pathway by indirect immunofluorescence. PC12 cells were
cultured for 2448 hr on cover glasses that were coated with Matrigel. Cells
were serum-starved and were treated with NGF (50 ng/ml; B, D, F) or the
vehicle control (4, C, E) for 30 min. Then the cells were rinsed, fixed with
100% methanol, and processed for indirect immunofluorescence, as de-
scribed in Materials and Methods. The primary antibodies were a rabbit
antibody to Rapl (1:250) and a mouse antibody to TrkA (1:400; A, B); a
rabbit antibody to Rap1 (1:250) and a mouse antibody to EEA1 (1:120; C,
D); a rabbit antibody to pMAPK (1:120) and a mouse antibody to EEA1
(1:120; E, F). Alexa 568 goat anti-mouse IgG conjugates and Alexa 488 goat
anti-rabbit IgG conjugates were used to visualize the primary antibodies. g,
Green fluorescence signal; r, red fluorescence signal. Colocalization of
antigens is denoted by the yellow fluorescence signal. Scale bar, 10 wm.

gradient density fractionation was performed as described above.
The fractionation of Rapl was unaffected by NGF treatment
(data not shown). The membrane fractions collected from the
gradient were adjusted to FB. Then the clear lysates were incu-
bated with RalGDSRBD/GST to precipitate Rap1 “*. The pre-
cipitates were analyzed by SDS-PAGE and immunoblotting. A
basal level of Rapl T* was detected in the control sample (Fig.
7B). NGF treatment resulted in a marked increase in the amount
of Rap1 ™" in the heaviest fraction (Fig. 7B).

In a parallel experiment, proteins from each fraction were pre-
cipitated with TCA before analysis by SDS-PAGE and immuno-
blotting. We found that activated TrkA was detected only in mem-
brane fractions isolated from NGF-treated cells (Fig. 7B).
Significantly, activated TrkA was present only in the fractions
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Figure 7. Activation of Rapl in endosomal fractions. A, Postnuclear
supernatants generated from equal numbers of serum-starved PC12 cells
were fractionated by centrifugation, using a step gradient density system as
described in Materials and Methods. Four membrane fractions were col-
lected as indicated. Total proteins from each fraction were precipitated in
7% TCA and washed in acetone. Then the pellets were dried and boiled in
SDS-PAGE loading buffer. The proteins were analyzed by SDS-PAGE and
immunoblotting. The blot was probed independently with antibodies to
EGFR, Ras, EEA1, Rab5B, Rapl, B-Raf, Mekl, and MAPK. The molec-
ular mass corresponding to each antigen is shown in parentheses. B, Mem-
brane fractions were collected from serum-starved PC12 cells that were
treated with either NGF (50 ng/ml) or the vehicle control for 30 min. Total
proteins from each fraction were precipitated, washed, and analyzed by
SDS-PAGE and immunoblotting as in 4. Activated TrkA and activated
MAPK were detected by using specified antibodies. To detect activated
Rapl, we collected and lysed membrane fractions in fishing buffer; the
amount of Rap1 “TF was assayed as described in Figure 1. All blots were
visualized with SuperSignal; the results shown are representative of at least
three independent experiments.

Control

12 34 1

-

enriched for Rapl. Similar results also were obtained for activated
MAPK (Fig. 7B). In preliminary studies we found that NGF
treatment resulted in increased levels of Gab2, C3G, CrkL, B-Raf,
Mekl, and MAPK in fraction 4 (data not shown). Our findings
point to the existence of complexes containing activated TrkA
together with activated Rap1 and activated M APK in intracellular
membranes in NGF-treated cells. Together with the results from
immunostaining studies, our findings indicate that Rapl signaling
via the MAPK pathway can originate from endosomes.

BFA pretreatment prevented intracellular redistribution
of TrkA and Rap1 in response to NGF

We envisioned that the activation of Rapl would be sensitive to
BFA. BFA has been shown to affect intracellular trafficking
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Figure 8. BFA pretreatment disrupted the intracellular trafficking of
TrkA and Rapl. PCI12 cells were cultured for 2448 hr on cover glasses
coated with Matrigel. Cells were serum-starved and were pretreated with
5 pg/ml BFA at 37°C for 15 min. Then the cells were treated with 50
ng/ml NGF (D, E, F) or the vehicle control (4, B, C) for 30 min. Cells
were rinsed, fixed with 100% methanol, and processed for indirect im-
munofluorescence, as described in Materials and Methods. Immunostain-
ing was performed with a mouse antibody to TrkA (1:400; 4, D) and a
rabbit antibody to Rapl (1:250; B, E). Alexa 568 goat anti-mouse 1gG
conjugates and Alexa 488 goat anti-rabbit IgG conjugates were used to
visualize TrkA and Rapl, respectively. C, A merged image of 4 and B. F,
A merged image of D and E. Pretreatment with the BFA vehicle control
(0.1% methanol) alone had no effect on the intracellular trafficking of
TrkA and Rapl after NGF treatment (data not shown). Colocalization of
antigens is denoted by the yellow fluorescence signal. Scale bar, 10 wm.

dramatically by disintegrating the Golgi apparatus and endo-
somes (Tooze and Hollinshead, 1992; Wood and Brown, 1992;
Faundez et al., 1997), cellular compartments that contain Rapl
(Kim et al., 1990; Beranger et al., 1991). We first asked whether
BFA treatment influenced the distribution of TrkA and Rapl.
PC12 cells were grown and serum-starved as indicated in Figure
6. The cells were preincubated with BFA (5 ug/ml in 0.1%
methanol) or the BFA vehicle (0.1% methanol) for 15 min at
37°C. Cells that either were treated with NGF (50 ng/ml, 30 min)
or were left untreated then were processed for indirect immuno-
fluorescence (Fig. 8). Preincubation with BFA did not appear to
affect the amount of immunostaining or the distribution of TrkA
or Rapl (Fig. 84-C). However, in BFA-pretreated cells NGF
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Figure 9. Inhibition of NGF-induced Rapl activation by BFA pretreat-

ment. Equal numbers of serum-starved PC12 cells were pretreated with
either 5 pg/ml BFA (+) or the vehicle control (—) at 37°C for 30 min.
Then the cells were treated with NGF (50 ng/ml) for the indicated time
intervals or the vehicle control (0 min). Activated Ras (A4) and Rap1 (B)
were assayed as described in Figure 1. C, PC12 cells were pretreated with
either 5 pg/ml BFA (+) or the vehicle control (—) at 37°C for 15 min.
Then the cells were treated with 50 ng/ml NGF for 5 or 30 min or the
vehicle control (0 min). Cells were rinsed and lysed in RIPA buffer; cell
lysate proteins (20 pg) were separated on 10% SDS-PAGE, transferred,
and blotted with specific antibodies against activated MAPK and total
MAPK. All blots were visualized with SuperSignal; the results shown are
representative of at least three independent experiments.

treatment no longer resulted in the redistribution of TrkA and
Rapl to the perinuclear region (Fig. 8D,E), and there was little if
any colocalization of TrkA and Rap1 (Fig. 8 F). These results are
evidence that BFA disrupted the intracellular trafficking of TrkA
and Rapl after NGF treatment.

BFA inhibited Rap1 activation and the sustained
activation of MAPK by NGF

Given the disruptive effect of BFA on the intracellular trafficking
of TrkA and Rapl, we reasoned that BFA pretreatment would
affect NGF-induced Rapl signaling in PC12 cells. To determine
whether BFA significantly changed signaling events at the plasma
membrane, we preincubated the cells with either BFA (5 ug/ml in
0.1% methanol) or the vehicle (0.1% methanol) and then treated
them with NGF (50 ng/ml) as indicated (Fig. 9). BFA pretreat-
ment had no significant effect on TrkA activation (data not
shown) or on the extent or the time course of Ras activation (Fig.
94), nor was there a change in the total amount of Ras (Fig. 94).
In contrast, BFA pretreatment significantly inhibited NGF-
induced Rapl activation (Fig. 9B). The inhibitory effect was seen
at early time points (2, 5 min) but was more pronounced at later
time points (30, 60 min) when maximal Rapl activation was
present in cells not pretreated with BFA (Fig. 9B). We conclude
that BFA selectively blocked Rapl activation in NGF-treated
cells.

In view of our findings for the existence of complexes contain-
ing activated Rapl and MAPK, we predicted that BFA pretreat-
ment also would prevent the persistent activation of MAPK. To
show whether or not this was the case, we analyzed MAPK in
BFA-pretreated cells. As shown in Figure 9C, BFA pretreatment
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had little effect on NGF-induced activation of MAPK at 5 min
but abolished the persistent activation of MAPK at 30 min (Fig.
9C, top). These observations suggest that a BFA-sensitive subcel-
lular compartment is required for Rapl activation and for the
persistent activation of MAPK induced by NGF.

DISCUSSION

The unique architecture of neurons imposes the need to move
neurotrophic signals over long distances. The molecular mecha-
nisms that serve this need are yet to be elucidated. One hypoth-
esis is that signaling endosomes carry the neurotrophic signal
(Grimes et al., 1996, 1997). If true, signaling endosomes must
ensure the propagation of signals that are specific and long-lived.
We demonstrated that NGF acted via TrkA to induce the persis-
tent activation of endogenous Rapl and prolonged activation of
the MAPK pathway as well as the formation of a signaling
complex in which activated Rapl was present together with acti-
vated TrkA and activated MAPK. In studies to localize Rapl
signaling, we showed that activated Rapl was present with the
other elements of the signaling complex in early endosomes. By
disrupting the endosomal compartment with BFA pretreatment,
we selectively inhibited NGF-induced Rapl activation and per-
sistent MAPK activation. Rapl signaling in endosomes thus
appears to contribute to long-lived NGF signaling via the MAPK
pathway.

A role for Rap1 in the NGF-induced sustained
activation of MAPK
Although both Ras and Rapl have been implicated in NGF-
induced MAPK activation in previous studies (Bar-Sagi and
Feramisco, 1985; Hagag et al., 1986; Qui and Green, 1991, 1992;
York et al., 1998), whether NGF induces the activation of endog-
enous Rapl to activate the MAPK pathway has been controver-
sial (York et al., 1998; Zwartkruis et al., 1998). To examine the
contributions of Ras and Rapl to NGF signaling, we investigated
the activation of endogenous Ras and Rapl in PC12 cells. After
confirming that sustained M APK activation was induced by NGF,
but not by EGF, we examined the temporal patterns of Ras
activation. We showed that Ras was activated transiently by both
NGF and EGF. We conclude that it is unlikely that activation of
endogenous Ras accounts for the prolonged activation of MAPK
seen in NGF-treated cells. Our findings differ from those in
earlier studies in which oncogenic Ras was introduced into PC12
cells (Bar-Sagi and Feramisco, 1985; Qui and Green, 1992).
Although persistently activated oncogenic Ras led to prolonged
activation of M APK in these studies, our results reveal that under
normal circumstances Ras-dependent signaling is activated only
transiently. Consistent with our observations, York et al. (1998)
demonstrated that a dominant-negative Ras mutant inhibited the
early phase, but not the late phase, of MAPK activation in PC12
cells after NGF treatment. Therefore, a factor or factors other
than Ras must contribute to the prolonged activation of MAPK
induced by NGF. Our findings do not obviate a role for Ras
signaling in the differentiation of PC12 cells. Indeed, the injection
of anti-Ras antibodies or the expression of a dominant-negative
Ras mutant inhibited neurite outgrowth in response to NGF
(Hagag et al., 1986; Vossler et al., 1997). In concert with others
(York et al., 1998), we suggest that multiple signaling pathways
contribute to the differentiation of PC12 cells.

In the present study we show that the activation of endogenous
Rapl correlates temporally with the prolonged activation of
MAPK induced by factors such as NGF and bFGF, growth
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factors that cause differentiation in PC12 cells. Although the exact
role of Rapl in neuronal function remains to be elucidated, an
increasing body of evidence suggests that Rapl plays an impor-
tant role in neuronal signaling leading to differentiation. We have
shown that the inhibition of Rap1 activation by pretreatment with
BFA selectively abolished the persistent activation of MAPK in
NGF-treated cells. Using a different approach, York et al. (2000)
demonstrated that the inhibition of Rap1 activity by overexpress-
ing Rapl1GAP1 selectively blocked the sustained phase of MAPK
activation induced by NGF. Finally, Lu et al. (2000) reported that
when RalGDS-RBD was expressed to block Rapl signaling,
NGF-dependent neurite outgrowth was inhibited in PC12-Shb
cells. These results point to a significant role played by Rapl in
neuronal signaling. Additional studies are warranted to pursue a
role for activated endogenous Rapl in inducing neuronal
differentiation.

Regulation of Rap1 activation: NGF induces a novel
complex containing C3G and CrkL

The sustained Rapl response that followed NGF treatment
matched the temporal pattern of MAPK activation, suggesting
that the two responses are linked. To explore this, we compared
the signaling proteins in complex with C3G and CrkL in NGF-
and EGF-treated cells. Tyrosine phosphorylation of C3G has
been shown to be required for Rapl activation in COS cells
(Ichiba et al., 1999). Depending on the cell type, C3G regulates
Rapl signaling via either CrkII (Okada and Pessin, 1997) or CrkL
(Boussiotis et al., 1997). In previous studies maximal activation of
Rapl/B-Raf signaling in PC12 cells was seen when C3G was
cotransfected with CrkL, but not with CrkII (York et al., 1998).

There were marked differences in the complexes that contained
C3G and CrkL after treatment with EGF or NGF. In untreated
cells C3G was tyrosine phosphorylated constitutively and formed
a stable complex with CrkL and Shp2. EGF rapidly induced
marked dephosphorylation of C3G and rapid recruitment of the
C3G/CrkL/Shp2 complex to EGFR, possibly via the adapter Cbl.
Because Cbl has been shown to regulate receptor and nonrecep-
tor tyrosine kinase signaling pathways negatively (Ota and Samel-
son, 1997), it is possible that the association of C3G/CrkL/Shp2
with Cbl interferes with the ability of C3G to activate Rapl. In
additional immunoprecipitation experiments with antibodies to
Cbl and Shp2, we confirmed the assignment of C3G, CrkL, Cbl,
Shp2, and EGFR to the complexes found in EGF-treated cells
(data not shown).

In contrast to the findings with EGF, C3G was tyrosine phos-
phorylated clearly and persistently after NGF treatment. NGF
resulted in the binding of C3G/CrkL/Shp2 to Gab2 and TrkA.
This complex was long-lived, persisting for at least 60 min. It is
tempting to suggest that Gab2 is an adapter that links TrkA to the
complex. Gab2 is a member of the insulin receptor substrate
family and plays an important role in cytokine- and growth factor
receptor-mediated signaling (Nishida et al., 1999; Zhao et al,,
1999). In fibroblasts, Gab2 was found to suppress Ras-dependent
signaling (Zhao et al., 1999), an effect that is consistent with a
role for Gab2 in activating Rap1 signaling. Sequence analysis has
revealed that Gab2 contains a pleckstrin homology motif by which
it could bind directly to receptor tyrosine kinases such as TrkA.
Gab2 also possesses CrkL-, PI3K-, and Shp2-binding domains
(Holgado-Madruga et al., 1997; Korhonen et al., 1999; Nishida et
al., 1999). Whether Gab2 directly or indirectly binds to TrkA
warrants further investigation. Gab1, a Gab2 homolog, recently
has been reported to modulate the TrkA signaling leading to
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differentiation (Korhonen et al., 1999). Using commercially avail-
able antibodies, we were unable to detect Gabl in CrkL immu-
noprecipitations in our studies, nor were we able to detect FRS-2
in the CrkL-containing complex as reported by Kao et al. (2001).

The existence of the C3G/CrkL/Shp2/Gab2/TrkA complex in
NGPF-treated cells suggests that activated TrkA might be present
in a complex with activated Rap1. In NGF-treated cells we found
that activated TrkA was coprecipitated specifically with activated
Rapl. Importantly, such precipitates also contained activated
MAPK. Although further studies are needed to define these
complexes, the results suggest that activated Rapl is linked,
directly or indirectly, to the activated forms of both TrkA and
MAPK and that this complex contributes to NGF-induced per-
sistent MAPK activation.

Rap1 signaling from endosomes

A number of observations suggest that Rap1 signaling arises from
endosomes. First, Rapl is localized principally in intracellular
membranes. Second, most TrkA receptors at the cell surface have
been internalized by 30 min of treatment (Grimes et al., 1996).
Third, York and colleagues (2000) showed that internalization of
TrkA after NGF treatment is required for Rapl activation in
PC12 cells. Fourth, after NGF treatment one can isolate endo-
somes that contain NGF bound to TrkA, and activated TrkA is
present in endosomes at 30 min (Beattie et al., 1996). Finally, we
consistently detected a 30 min delay in maximal Rap1 activation,
suggesting that events downstream from TrkA activation are
required for the full activation of Rapl. We examined NGF
effects on the localization of Rapl and the components of the
Rapl signaling complex by confocal microscopy. NGF treatment
consistently resulted in the presence of TrkA, Rapl, B-Raf, and
activated MAPK in the perinuclear region. Importantly, we
found that TrkA colocalized with Rapl and that Rapl, B-Raf,
and activated MAPK colocalized with EEA1 near the nucleus
after NGF treatment. These data are evidence that the Rapl
signaling complex resides in early endosomes.

We used cellular fractionation to define further the cellular
compartment or compartments that contained TrkA and Rapl. In
both treated and untreated cells Rap1 was present in intracellular
membranes that cofractionated with the endosomal markers
EEA1 and Rab5B. The levels of B-Raf, Mek1, and MAPK were
increased by NGF treatment in these fractions, as were the levels
of Gab2, CrkL, and C3G. Significantly, these membranes also
contained activated TrkA and activated MAPK. Our results
suggest that after NGF treatment active Rapl signaling com-
plexes are formed on endosomal membranes to convey the NGF
signal to the MAPK pathway. In preliminary studies we have
shown that these endosomal fractions are indeed competent to
convey the signal to Elk-1 in an in vitro kinase assay (data not
shown).

Disrupting intracellular membranes inhibited signaling
via Rap1

Because Rapl is concentrated in the Golgi apparatus and endo-
somes, we reasoned that disrupting these compartments with
BFA would inhibit Rapl activation. Pretreatment with BFA
markedly changed the trafficking of TrkA and Rapl in NGF-
treated cells. NGF treatment no longer caused TrkA and Rapl to
be concentrated and colocalized in the perinuclear region. Sig-
nificantly, BFA pretreatment also inhibited Rapl activation and
the prolonged activation of MAPK. These effects of BFA ap-
peared to be specific, because BFA pretreatment showed no
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detectable effect on Ras activation or on the early phase of
MAPK activation. Thus the integrity of a BFA-sensitive intracel-
lular compartment or compartments is critical for the activation
of Rapl signaling induced by NGF.

Different subcellular compartments for Ras and
Rap1 signaling
Our present studies suggest that NGF signaling to MAPK uses at
least two pathways. After the activation of TrkA by NGF, Ras-
dependent signaling is activated immediately from caveolae in the
plasma membrane (Wu et al., 1997; Anderson, 1998; Huang et al.,
1999). In addition to its effects on activation of the C-Raf/Mek1/
MAPK pathway at the plasma membrane, we have demonstrated
that Ras together with activated MAPK is carried on clathrin-
coated vesicles (CCVs) into NGF-treated cells. CCVs appear to
function as one class of signaling endosomes (C. L. Howe, E. C.
Beattie, J. C. Valletta, and W. C. Mobley, unpublished observation).
The second pathway, one that appears to distinguish NGF and
EGF signaling, is initiated when activated TrkA associates with
C3G/CrkL/Shp2/Gab2. Where this complex is formed is unclear.
However, our findings suggest that it is trafficked with TrkA to the
endosome where C3G interacts with Rapl, thus triggering sus-
tained Rapl activation and prolonged B-Raf/Mekl/MAPK sig-
naling. Prolonged Rapl activation in endosomes may allow the
NGF signal to be moved from axon terminals to neuronal cell
bodies where effects on cellular differentiation are elicited. We
speculate that signaling endosomes containing activated Rapl
may be a platform from which diverse signaling events can be
initiated robustly, persistently, and specifically.
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