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lished the crucial roles of FGF signaling, FGF-induced gene expression and
morphogenesis during embryogenesis. In this study, we showed that overexpressing a signaling adaptor
protein, SH2B1β, enhanced FGF1-induced neurite outgrowth in PC12 cells. SH2B1β has previously been
shown to promote nerve growth factor (NGF) and glial cell line-derived neurotrophic factor (GDNF)-induced
neurite outgrowth, in part, through prolonging NGF and GDNF-induced signaling. To delineate how SH2B1β
promotes FGF1-induced neurite outgrowth, we examined its role in FGF1-dependent signaling. Our data
suggest that SH2B1β enhances and prolongs FGF1-induced MEK-ERK1/2 and PI3K-AKT pathways. We also
provided the first evidence that FGF1 induces the phosphorylation of signal transducer and activator of
transcription 3 (STAT3) at serine 727 [pSTAT3(S727)] in PC12 cells. SH2B1β enhances this phosphorylation
and the expression of the immediate early gene, Egr1. Through inhibitor assays, we have further shown that
MEK-ERK1/2 is required for FGF1-induced neurite outgrowth, pSTAT3(S727) and Egr1 expression. Moreover,
inhibiting Rho kinase, ROCK, enhances FGF1-induced neurite outgrowth through pSTAT3(S727)-independent
manner. Taken together, our results demonstrate, for the first time, that SH2B1β enhances FGF1-induced
neurite outgrowth in PC12 cells mainly through MEK-ERK1/2-STAT3-Egr1 pathway.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction
Fibroblast growth factors (FGFs) are involved in the regulation of
many developmental processes including patterning, morphogenesis,
differentiation, proliferation and migration [1–12]. Such a diverse array
of activities requires complex control of the signal transduction and the
downstream transcriptional activity. FGF signaling is essential for the
embryonic development as well as adult homeostasis of almost all the
tissues/organs includingneural induction,midbrain–hindbrainpattern-
ing, limb induction and morphogenesis, and skeletal development for
various species [13–21]. Several studies have led to the dogma of which
bonemorphogenesis proteins (BMPs) expressed in the ectoderm inhibit
the neural fate and this inhibition is relieved by FGF, suggesting a role of
FGF in neural induction in chick [22–24]. FGFs represent a family of
secreted molecules that are fairly conserved over evolution. In
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invertebrates, three FGFs are found in Drosophila while two are found
in Caenorhabditis elegans so far. In vertebrates, a large number of FGF
genes have been identified: 10 in Zebrafish, 6 in Xenopus, 13 in chicken,
22 in mouse and human [25]. All FGFs share a similar structure of
internal core and high affinity for heparin. FGFs initiate their action
through binding to FGF receptors (FGFRs), members of the receptor
tyrosine kinases RTKs. FGFRs contain three immunoglobulin (Ig)-like
domains and a heparin-binding sequence. FGF-FGFR interaction and
signaling are further regulated by the spatial and temporal expression of
heparan sulfate proteoglycan (HSPG). HSPGs are cell-surface and
extracellular matrix macromolecules that comprise a core protein to
which heparan sulfate (HS) glycosaminoglycan (GAG) chains are
attached. HSPGs play crucial role in regulating multiple developmental
pathways such as the FGF signaling (for review, [26]). It has been shown
thatHSPGs interactwithFGFs and their receptors in a ternarycomplex at
the cell surface and are required for FGF to elicit its effect during
development [27–30]. Homodimerization of FGFRs leads to tyrosine
phosphorylation at its cytoplasmic domain. Activation of FGFR allows for
the recruitment and activation of Src homology (SH2)- or phosphotyr-
osine (PTB)-containing proteins, leading to the activation of various
cytoplasmic signal transduction pathways. These pathways include
those involve phospholipase C-γ (PLCγ), FGFR substrate 2α (FRS2α)-
Ras/extracellular signal-regulated kinase (ERK) and phosphoinositol-3-
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Table 1
Sequences of the Q-PCR primers used in this study.

Gene Sequence (5′ to 3′)

Egr1
Forward CAGTGGCCTTGTGAGCATGA
Reverse GCAGAGGAAGACGATGAAGCA

p35
Forward ACAGCAAGAACGCCAAGGA
Reverse TTCCAAGGCAGTACCGAGATG

GAPDH
Forward ATGACTCTACCCACGGCAAGTT
Reverse TCCCATTCTCAGCCTTGACTGT
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kinase (PI3K)-AKT pathways [31–36]. FGFR1, 2 and 3 are expressed
differentially in subsets of neurons within the peripheral nervous
system (PNS) and the central nervous system (CNS) [37–40].

SH2B1, an adapter/scaffold protein, belongs to a family of adapter
proteins including APS (SH2B2) and Lnk (SH2B3) [41,42]. SH2B1
family members contain three proline-rich domains, a pleckstrin
homology (PH) domain and a C-terminal Src homology (SH2) domain.
The four known SH2B1 splice variants, α, β, γ, and δ, differ only in
their C-termini starting just past the SH2 domain [43]. SH2B1α and β
have been shown to bind to the activated nerve growth-activated
factor (NGF) receptor TrkA through its SH2 domain and promote NGF-
induced neurite outgrowth [44,45]. NGF promotes the rapid associa-
tion of SH2B1βwith TrkA and subsequent phosphorylation of SH2B1β
on tyrosines as well as serines/threonines. Overexpression of SH2B1α
or SH2B1β enhances NGF-induced neurite outgrowth in PC12 cells
[44,46]. In additional to NGF signaling, SH2B1β has recently been
shown to shuttle between the cytoplasm and the nucleus, attesting its
novel function in transcriptional regulation [47]. Along this line, a
recent study has revealed new function of SH2B1β in regulating the
expression of a subset of NGF-responsive genes as well as the three-
dimensional neurite outgrowth [48]. In addition to regulating NGF, the
interaction of SH2B1β and RET receptor has been implicated in
promoting glia-derived growth factor (GDNF)-induced neurite out-
growth [49].

Our primary interest is to determine the role that SH2B1β plays in
FGF1-induced neurite outgrowth. In this study, we set out to
determine whether SH2B1β affects FGF1-induced signaling, including
MEK-ERK1/2 and PI3K-AKT pathways. We also examined whether
SH2B1β plays a role in regulating the downstream transcription factor
and gene expression of FGF1 signaling. Furthermore, we used SH2B1β
mutants to determine what domains of SH2B1β contribute to its
enhancing ability in FGF1-induced neurite outgrowth.

2. Materials and methods

2.1. Antibodies and reagents

Polyclonal antibody to rat SH2B1βwas raised against a glutathione
S-transferase fusion protein containing amino acids 527–670 of
SH2B1β as described previously [42] and was used at a dilution of
1:15000 for Western blotting. Anti-ERK1/2 was from Sigma and was
used at a dilution of 1:20000 for Western blotting. Anti-pERK1/2
(Thr202, Tyr204), anti- STAT3 and anti-pSTAT3(Ser727) were from
Cell Signaling (Danvers, MA) and were used at a dilution of 1:2000.
Anti-AKT, anti-pAKT(Ser473) and ant-pAKT(Thr308) were from Cell
Signaling and were used at a dilution of 1:1000 for Western blotting.
Anti-Egr1 and anti-p35 were purchased from Santa Cruz (Santa Cruz,
CA) and were used at a dilution of 1:1000 and 1:200 respectively for
Western blotting. Neuronal β-tubulin (TuJ1) was from Covance
(Richmond, CA) and was used at a dilution of 1:1000 for immun-
fluorescence staining. Anti-rabbit Alexa Fluor 680 and anti-mouse
Alexa Fluor 594 were from Invitrogen (Carlsbad, CA). NGF, rat-tail
collagen I, and growth factor-reduced Matrigel were purchased from
BD Bioscience. Human FGF1 (R1001) was purchased fromChingen Inc.
(Dublin, Ohio) and heparin was purchased from Sigma. U0126,
LY294002 and Y-27632 were from Calbiochem. Power SYBR® green
PCRmaster mix and high capacity cDNA reverse transcription kit were
from Applied Biosystems, Taiwan. TRIzol reagent was from Invitrogen
(Carlsbad, CA). Protein Assay Kit (PAK500)was purchased from Strong
Biotech Corporation, Taiwan.

2.2. Stable cell lines and cell culture

The stock of PC12 cells was purchased from American Type Culture
Collection. PC12 cells were maintained on the collagen-coated plates
(coatedwith0.1mg/ml rat-tail collagen in 0.02Nacetic acid) andgrown
at 37 °C in 10% CO2 in complete media, DMEM (Invitrogen)
supplemented with 10% heat-inactivated horse serum (16050-122,
Invitrogen), 5% fetal bovine serum (26140-079, Invitrogen), 1 mM
L-glutamine and 1 mM antibiotic-antimycotic (Invitrogen). PC12 cells
stably overexpressing GFP, GFP-SH2B1β, GFP-SH2B1β(R555E), GFP-
SH2B1β(270–670) or GFP-SH2B1β(397–670) were made and cultured
as described in Chen et al [47]. Pooled population of stable clones was
used to avoid clonal variation.

2.3. Neurite outgrowth

For FGF1-induced neurite outgrowth, PC12 cells were split onto
1:100Matrigel-coated six-well plates at about 30% confluency. Culture
medium was changed to low-serum differentiation media (DMEM
containing 2% horse serum, 1% fetal bovine serum, 1% antibiotic-
antimycotic and 1% L-glutamine) the next day. Cells were pre-treated
1 h with or without 20 μM of U0126, LY294002 or 10 μM Y-27632
before the addition of 100 ng/ml FGF1 and 10 μg/ml heparin. Neurite
outgrowth was monitored for 6 days. Medium containing FGF1 and
the inhibitor was replaced every two days. Images of differentiating
cells were taken using inverted Zeiss Axiover 135 fluorescence
microscope. The established definition of morphological differentia-
tion in PC12 cells is that the length of the neurite should be at least
twice of the diameter of the cell body. The percentage of differentia-
tion was scored as the percentage of differentiated cells per counted
cells.

2.4. RNA preparation and semi-quantitative real-time PCR

TRIzol reagent was use to isolate total RNA form PC12 cells with or
without treatment at the indicated time. Concentration and A260/280

ratio of RNAs were measured using spectrophotometer (NanoDrop
1000, Themo). Total RNA of each sample was reverse transcribed into
cDNA and the relative gene expression of Egr1, p35 and glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH) was determined via
semi-quantitative PCR (Q-PCR) assay using SYBR green master mix
and the ABI7500 system. Primer sequences for each gene were
designed using PrimerExpress software and are listed in Table 1.
Amplicons generated from each primer pair was around 50–100 bp.
Loading of each sample was normalized with ROX dye. All readings
were normalized to the expression of GAPDH.

2.5. Immunoblotting, inhibitor assay and immunofluorescence staining

For growth factor time course, PC12 cells were incubated in serum-
free media containing 1% bovine serum albumin (BSA) overnight and
treated with 100 ng/ml NGF or 100 ng/ml FGF1 and 10 μg/ml heparin
for the time indicated. Cells were harvested into either RIPA (50 mM
Tris, pH 7.5, 1% Triton X-100, 150 mM NaCl, 2 mM EGTA) (for
STAT3 Western blotting) or L-RIPA buffer (50 mM Tris, pH 7.5, 0.1%
Triton X-100, 150 mM NaCl, 2 mM EGTA) containing 1 mM Na3VO4,
1 mM phenylmethanesulphonylfluoride (PMSF), 10 ng/ml aprotinin
and 10 ng/ml leupeptin. Protein concentration of each sample was



Fig. 1. Neurite outgrowth in PC12 cells overexpressing GFP (PC12-GFP) or GFP-SH2B1β
(PC12-SH2B1β) in response to FGF1. (A) PC12-GFP cells (i, iii, v) and PC12-SH2B1β cells
(ii, iv, vi) were treated with 100 ng/ml FGF1 plus 10 µg/ml heparin in low serum
medium as described in Materials and methods section for 0 (i, ii), 3 (iii, iv) or 6 (v, vi)
days. Representative images of live cells were shown. (B) The percentage of
differentiated cells in PC12-GFP or PC12-SH2B1β cells was counted from 2 to 6 day
after FGF1 treatment. Values were means±standard deviation from two independent
experiments. For each experiment, 300–400 cells were counted.

Fig. 2. The phosphorylation level of ERK1/2 in PC12-GFP and PC12-SH2B1β cells after
FGF1 or NGF treatment. (A) Equal amount of proteins from lysates of PC12-GFP cells or
PC12-SH2B1β cells was analyzed via SDS-PAGE and immunoblotted with anti-SH2B1β
antibody to determine the expression of GFP-SH2B1β. (B) PC12-SH2B1β cells were
incubated in serum-free medium overnight before stimulated with 10 μg/ml heparin
only (lane 1), mock-treated (lane 2) or treated with 100 ng/ml FGF1 plus 10 μg/ml
heparin (lane 3) for 5 min. Equal amount of proteins from the collected lysates was
separated by SDS-PAGE and immunoblotted with anti-pERK1/2 antibody. (C) PC12-GFP
or PC12-SH2B1β cells were in serum-free medium overnight before stimulation with
100 ng/ml FGF1 and 10 μg/ml heparin for the indicated time points. Lysates were
collected and equal amount of proteins was separated by SDS-PAGE and immunoblotted
with either anti-pERK1/2 or anti-ERK1/2 antibody. Representative blots from three
independent experiments were shown. (D) pERK1/2 level was normalized to total
ERK1/2 and the relative pERK1/2 level for the 10 min time point of PC12-GFPSH2B1β
cells was used as 1.0. The error bars represent standard deviation from two independent
experiments. (E) PC12-GFP or PC12-SH2B1β cells were treated as described in (C) for
the indicated time points. Lysates were collected and equal amount of proteins was
separated by SDS-PAGE and immunoblotted with either anti-pERK1/2 or anti-ERK1/2
antibody. (F) PC12-GFP or PC12-SH2B1β cells were stimulated by 100 ng/ml NGF for
the indicated time points. Equal amount of proteins from the lysates was separated by
SDS-PAGE and immunoblotted with either anti-pERK1/2 or anti-ERK1/2 antibody.
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determined. Equal amount of proteins was loaded to and resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to nitrocellulose paper for western blot
analysis using the indicated antibodies. The immunoblots were
detected using either Alexa Fluor 680-conjugated IgG and an Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE) or horse-
radish peroxidase-conjugated IgG and the ECL system. For inhibitor
assays, PC12 cells were seeded about 80–85% confluency on 3.5 cm
dishes. PC12 cells were grown in serum-free medium containing 1%
BSA for overnight and then pre-treated with or without the indicated
inhibitor 1 h before adding 100 ng/ml FGF1 and 10 μg/ml heparin. At
the indicated time points, cells were collected and lysed. The lysate
was then analyzed via Western blotting. For immunofluorescence



Fig. 3. The effect of low dosage of FGF1 on the phosphorylation of ERK1/2 and neurite
outgrowth in PC12-GFP and PC12-SH2B1β cells. (A) PC12-GFP or PC12-SH2B1β cells
were incubated in serum-free medium overnight before stimulation with 20 ng/ml
FGF1 plus 2 μg/ml heparin for the indicated time points. Equal amount of proteins from
the lysates was resolved by SDS-PAGE and immunoblotted with either anti-pERK1/2 or
anti-ERK1/2 antibody. (B) PC12-GFP or PC12-SH2B1β cells were treated with 20 ng/ml
FGF1 plus 2 μg/ml heparin in low serummedium as described inMaterials andmethods
section. Neurite outgrowth was monitored and the representative images of live cells
were taken after FGF1 treatment for 3days. Upper panels were taken with bright field
while the lower panels were taken with phase contrast condition.
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staining, PC12 cells were split onto 1:100 Matrigel-coated coverslip
and treated as indicated. Cells were then fixed with 4% paraformalde-
hyde, permeabilized with 0.1% Triton X-100 followed by BSA blocking
and antibody incubation. For neuronal tubulin immunostaining,
monoclonal antibody to neuronal β-tubulin (TuJ1) was used at a
dilution of 1:1000 followed by Alexa Fluor 594-conjugated anti-
mouse IgG (1:1000) for visualization. Images were visualized and
taken using the inverted Zeiss Axiover 135 fluorescence microscope.
Fig. 4. The phosphorylation level of AKT in PC12-GFP and PC12-SH2B1β cells after FGF1
or NGF treatment. PC12-GFP or PC12-SH2B1β cells were incubated in no serum-
containing medium overnight and then stimulated with (A, C) 100 ng/ml FGF1 plus
10 μg/ml heparin or (E) 100 ng/ml NGF for the indicated time. (A) Representative blots
from three independent experiments were shown. Equal amount of proteins from the
lysates was separated by SDS-PAGE and immunoblotted with either anti-pAKT(S473) or
anti-AKT antibody (loading control). (B) Relative pAKT level was normalized to total
AKT and the relative pAKT level for the 5 min time point of PC12-SH2B1βwas used as 1.
The error bars are standard errors from three independent experiments. (C) Equal
amount of proteins from the lysates was separated by SDS-PAGE and immunoblotted
with either anti-pAKT(T308) or anti-actin antibody (loading control). (D) Quantified
results from (C) are shown using mock-treated control in PC12-GFP cells as 1.
3. Results

3.1. SH2B1β promotes FGF1-induced neurite outgrowth

FGF1 has previously been shown to induce neurite outgrowth in
PC12 cells [50–52]. To determine the effect of SH2B1β in FGF1-
mediated neurite outgrowth, we compared the neurite outgrowth
between PC12 cells stably expressing GFP (PC12-GFP cell line) or GFP-
SH2B1β (PC12-SH2B1β cell line). FGF1 needs heparin to elicit its
physiological action, thus heparinwas added together with FGF1 in all
FGF1 treatment in this study unless otherwise noted. PC12-GFP and
PC12-SH2B1β cell lines were treated with 100 ng/ml recombinant
human FGF1 together with 10 μg/ml heparin for 0, 3 or 6 days in low
serum-containing medium (as described in Materials and methods
section). As in Fig. 1A, PC12-SH2B1β cells showed significantly higher
percentage of neurite outgrowth and earlier initiation of neurite
outgrowth (Fig. 1A, panels ii, iv and vi) compared with the control
PC12-GFP cells (Fig. 1, panels i, iii, and v). Fig. 1B shows the quantified
result of FGF1-induced differentiation in PC12-GFP and PC12-SH2B1β
cell lines. The definition of neuronal differentiation in PC12 cells is
described in Materials and methods section. At all time points
examined, PC12-SH2B1β cells had higher percentage of differentiated
cells.
3.2. SH2B1β enhances and prolongs FGF1 signaling

To determine how SH2B1β promotes FGF1-induced neurite out-
growth, we compared the signaling pathways initiated by FGF1 in



Fig. 5. Effect of U0126 and LY294002 on FGF1 signaling and FGF1-induced neurite outgrowth in PC12-GFP and PC12-SH2B1β cells. (A) PC12-GFP or PC12-SH2B1β cells were
incubated in serum-free medium overnight and U0126 (20 μM) or LY294002 (20 μM) was added to cells 1 h before 10 min stimulation of 100 ng/ml FGF1. Equal amount of proteins
from the lysatewas resolvedwith SDS-PAGE and immunoblottedwith anti-pERK1/2 or anti-pAKT(S473) antibody. The brackets indicate the increased pAKT in the presence of U0126
inhibitor. Representative blots from two independent experiments were shown. (B) PC12-GFP cells (panels i, iii and v) or PC12-SH2B1β cells (panels ii, iv and vi) were pre-treated
with U0126 (20 μM) (panels iii and iv) or LY294002 (20 μM) (panels v and vi) for 1 h, followed by FGF1 stimulation in low serummedium. The neurite outgrowth was monitored for
6 days. Representative images of live cells were shown. Arrow points to the aberrant neurite morphology. (C) PC12-GFP (panels i and ii) or PC12-SH2B1β cells (panels iii and iv) were
pre-treated with LY294002 as described in (B) followed by FGF1 stimulation for 6 days. Cells were then fixed for immunofluorescence staining with anti-TuJ1 and anti-mouse Alexa
Fluor 594. Images were taken using Zeiss Axiovert 135 fluorescence microscopy.
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PC12-GFP and PC12-SH2B1β cell lines. Fig. 2A shows that GFP-SH2B1β
is overexpressed in PC12-SH2B1β cell line but not in PC12-GFP cells.
To exclude the possibility that heparin would have effect on signaling,
cells were mock-treated, treated with 10 μg/ml heparin alone or
100 ng/ml FGF1 plus 10 μg/ml heparin. The phosphorylation of ERK1/
2 (pERK1/2) was determined via immunoblotting with anti-pERK1/2
antibody. As shown in Fig. 2B, heparin alone did not induce
phosphorylation of ERK1/2 while FGF1 plus heparin induces pERK1/2.
To determine the effect of SH2B1β on FGF1-induced signal transduction,
bothPC12-GFPandPC12-SH2B1β cell lineswere treatedwith100ng/ml
FGF1 in combination of 10 μg/ml heparin for the indicated time points.
In the PC12-GFP cell line, pERK1/2 was detected 5 min after FGF1
stimulation, reduced by 15 min and the level of phosphorylation
remains above the basal level for at least up to 60 min. In contrast, in



Fig. 6. SH2B1β enhances the FGF1-induced pSTAT3(S727) through MEK-ERK pathway.
(A) PC12-GFP or PC12-SH2B1β cells were incubated in serum-free medium overnight
before the addition of 100 ng/ml FGF1 and 10 μg/ml heparin for the indicated time
points. Equal amount of proteins from the lysates was loaded, resolved with SDS-PAGE
and immunoblotted with anti-pSTAT3(S727) or anti-STAT3 antibody. Representative
blots from three independent experiments were shown. (B) Relative pSTAT3 was
normalized to total STAT3 level. The highest relative pSTAT3 level in each experiment
was regarded as 1.0. The error bars represent standard deviation from two independent
experiments. (C) PC12-GFP or PC12-SH2B1β cells were incubated in serum-free
medium overnight before 100 ng/ml FGF1 treatment for the indicated time points.
Equal amount of proteins from each lysate sample was analyzed with SDS-PAGE and
immunoblotted with anti-pSTAT3(S727) antibody. (D) PC12-GFP or PC12-SH2B1β cells
were incubated in serum-free medium overnight before the addition of 100 ng/ml NGF
for the indicated time points. Equal amount of proteins from the lysates was loaded,
resolved with SDS-PAGE and immunoblotted with anti-pSTAT3(S727) or anti-STAT3
antibody. (E) Cells were incubated in serum-free medium for 8 h, then U0126 (20 μM)
or LY294002 (20 μM) was added to cells 1 h before 100 ng/ml FGF1 and 10 μg/ml
heparin stimulation for 10 min. Cell lysate was collected and equal amount of proteins
was analyzed with SDS-PAGE and immunoblotted with anti-pSTAT3(S727) antibody.
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PC12-SH2B1β cell line, pERK1/2 was detected in 5 min of FGF1
treatment and the phosphorylation remained higher than that in
PC12-GFPcells for at least 60min (Fig. 2C). ThemagnitudeofpERK1/2 in
PC12-SH2B1β is increased compared with that in PC12-GFP cells. Total
ERK1/2 immunoblot serves as the loading control to demonstrate that
thedifferenceof pERK1/2 in the two cell lines is not due to thedifference
in the total amount of ERK1/2 (Fig. 2C). The quantified result are shown
in Fig. 2D. Prolonged pERK1/2 has been suggested to be an important
determinant of neuronal differentiation.We thus examined the effect of
FGF1 on the phosphorylation of ERK1/2 for up to 24 h. The pERK1/2was
detectable for at least 2 h in PC12-GFP cells and 24 h for PC12-SH2B1β
(Fig. 2E). In contrast, the NGF-induced pERK1/2 is slightly more pro-
longed in PC12-SH2B1β cells compared to control cells while the
degree of phosphorylation is not obviously increased in PC12-SH2B1β
cells (Fig. 2F). These data suggest that SH2B1β significantly increases
and prolongs FGF1-induced pERK1/2.

As the debate of whether activation of ERK1/2 is required for FGF1-
induced neurite outgrowth continues [53], we tested the consequence
of treating PC12 cells with lower dosage of FGF1 in phosphorylation of
ERK1/2. As shown in Fig. 3A, pERK1/2was not detectable in PC12-GFP
cells when treated with 20 ng/ml FGF1. In contrast, this dosage of
FGF1was able to induce transient phosphorylation of ERK1/2 in PC12-
SH2B1β cells, though to a much less degree compared with 100 ng/ml
FGF1. The exposure time to obtain the pERK1/2 signal for Fig. 3A was
approximately 15 times longer than in Fig. 2C. Nevertheless, this
dosage was not able to induce morphological differentiation in either
PC12-GFP or PC12-SH2B1β cells (Fig. 3B). Together, these data suggest
that the phosphorylation of ERK1/2 needs to reach a “threshold” to
initiate morphological differentiation of PC12 cells.

Similar to FGF1-induced pERK1/2, phosphorylation of AKT at
Ser473 [pAKT(S473)] was detected 5 min after FGF1 stimulation and
peaked at 15 min in PC12-GFP cells and 10 min in PC12-SH2B1β cells.
The level of pAKT(S473) was increased and prolonged in PC12-
SH2B1β compared with PC12-GFP cells (Fig. 4A). Quantified results
are shown in Fig. 4B. SH2B1β also enhances FGF1-induced phosphor-
ylation of AKT at Thr308 [pAKT(T308)] as shown in Fig. 4C and D. The
patterns of FGF1-induced pAKT(S473) and pAKT(T308) are similar in
the two cell lines. In response to NGF, on the other hand, pAKT(S473)
was slightly more prolonged in PC12-SH2B1β cells than in PC12-GFP
cells but the degree of phosphorylation was similar in both cell lines
(Fig. 4E).

3.3. Phosphorylation of ERK1/2 is required for FGF1-induced neurite
outgrowth

To delineate the contribution of MEK-ERK1/2 and PI3K-AKT
pathway in FGF1-induced neurite outgrowth, we assessed the effect
of blocking either of these two pathways. PC12-SH2B1β cells were
pre-treated with either MEK or PI3K inhibitor 1 h before adding
FGF1 or mock-treated for the indicated time and the neurite out-
growth was examined. The MEK inhibitor, U0126, inhibits FGF1-
induced pERK1/2 without blocking pAKT signal in both cell lines
(Fig. 5A, upper panel). PI3K inhibitor, on the other hand, blocks
FGF1-induced pAKT(S473) (Fig. 5A, lower panel). Interestingly, we
found that as pEKR1/2 being inhibited by MEK inhibitor, pAKT
(S473) was increased (Fig. 5A, brackets). Using similar approach, we
assessed the effect of these two inhibitors on FGF1-induced neurite
outgrowth. No neurite outgrowth was found in U0126-treated cells
(Fig. 5B, panels iii and iv) compared with mock-treated cells (Fig.
5B, panels i and ii). Interestingly, we found that LY294002-treated
cells bear shorter neurites in response to FGF1 but the neurite
outgrowth was not blocked (Fig. 5B, panels v and vi). In addition,
LY294002-treated cells generated thinner neurites (panel v, arrow)
than mock-treated cells. Immunostaining of the neuronal tubulin
showed obvious expression of neuronal beta III tubulin in the
neurites of FGF1-treated PC12-SH2B1β cells (Fig. 5C, panel ii) and
minimal expression in the neurites of LY294002-treated cells
(Fig. 5C, panel iv). This finding suggests a possible role of PI3K-pAKT
in neuronal tubulin expression/localization/stability in the neurites.
Together, these results suggest that MEK-ERK1/2 pathway is required
for FGF1-induced neurite outgrowth while PI3K-AKT pathway may
serve to maintain neuronal phenotype and/or promote cell survival
during neuronal differentiation.
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3.4. FGF1-induced STAT3 phosphorylation is through MEK-ERK1/2
pathway

To delineate the downstream event of MEK-ERK1/2 pathway, we
examined the effect of FGF1 on a candidate transcription factor, signal
transducer and activator of transcription 3 (STAT3). The serine
phosphorylation of STAT3 has been reported to be a downstream
effector of NGF signaling in PC12 cells recently [54]. However, this
phosphorylation had not been shown for FGF1 signaling in PC12 cells.
To determine whether STAT3 is phosphorylated by FGF1, PC12-GFP
and PC12-SH2B1β cells were challenged with FGF1 for the indicated
time points and cell lysates from PC12-GFP or PC12-SH2B1β were
assayed for the serine 727 phosphorylation of STAT3 [pSTAT3(S727)].
Our data showed that FGF1 induced pSTAT3(S727) in both cell lines
(Fig. 6A). The induced pSTAT3(S727) was detected 10 min after FGF1
treatment in PC12-GFP cells and as early as 5 min of FGF1 stimulation
in PC12-SH2B1β cells (Fig. 6A, upper panel). The level of total STAT3
among all samples was similar demonstrating that the difference of
pSTAT3(S727) was not due to loading difference (Fig. 6A, bottom
panel). The quantified results are shown in Fig. 6B. The FGF1-induced
pSTAT3(S727) prolonged till at least 24 h in response to FGF1 (Fig. 6C).
This is the first evidence demonstrating that FGF1 induces the
Fig. 7. SH2B1β enhances FGF1-induced expression level of Egr1 without significant effect o
serum-free medium overnight and then treated with 100 ng/ml FGF1 and 10 μg/ml hepar
expression level of Egr1 was quantified by Q-PCR. The relative expression level of Egr1 was n
as described in (A). Equal amount of proteins from lysates was resolved by SDS-PAGE and the
were treated as described in (A) except the pretreatment of 20 μMU0126 (C) or 20 μMLY294
by Q-PCR as described in (A). (E) Cells were treated as described in (A). RNAs were collected
level of p35 was normalized with GAPDH. (F) Cells were treated as described in (A). Equa
determined via Western blotting using anti-p35 antibody.
phosphorylation of STAT3 at S727 in PC12 cells and that overexpressing
SH2B1β allows earlier phosphorylation as well as prolongs the phosphor-
ylation. In contrast, SH2B1β did not enhance NGF-induced pSTAT3(S727)
nor prolong it (Fig. 6D).

Our new finding that pSTAT3(S727) was induced by FGF1 prompts
us to ask which pathway leads to this phosphorylation. Prospective
candidates are serine/threonine kinases in the ERK1/2 and AKT
pathways. Thus, using the specific inhibitors of MEK and PI3K, we
assessed their effect on pSTAT3(S727). As shown in Fig. 6E, inhibiting
MEK by U0126 blocked phosphorylation of FGF1-inducecd pSTAT3
(S727) in both PC12-GFP and PC12-SH2B1β cell lines. In contrast,
inhibiting AKT phosphorylation by LY294002 did not affect pSTAT3
(S727). This data suggest, for the first time, that MEK-ERK1/2 pathway
is responsible for the FGF1-induced pSTAT3(S727) in PC12 cells.

3.5. SH2B1β enhances and prolongs FGF1-induced Egr1 expression

Our results using U0126 inhibitor have suggested that MEK-ERK1/2
pathway is required for FGF1-induced neurite outgrowth (Fig. 5). To
further delineate the downstream events of this pathway, we have
examined the expression, both at mRNA and protein levels, of the
immediate early gene — Egr1. As shown in Fig. 7A, the mRNA level of
n the expression level of p35. (A) PC12-GFP or PC12-SH2B1β cells were incubated in
in for the indicated time points. Total RNAs were extracted and convert to cDNA and
ormalized with the expression of the housekeeping gene, GAPDH. (B) Cells were treated
level of Egr1 was determined viaWestern blotting using anti-Egr1 antibody. (C, D) Cells
002 (D) 1 h before FGF1 induction for another hour. Egr1 expression level was quantified
for the subsequent Q-PCR analysis to determine the expression level of p35. Expression
l amount of proteins from lysates was resolved by SDS-PAGE and the level of p35 was
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Egr1 was induced as early as 30min after FGF1 treatment for more than
200 fold. Its level peaked at 1 h and declined afterwards. This expression
time course is similar in both cell lines while the expression level is
higher and more prolonged in PC12-SH2B1β cells. The same expression
pattern holds true for the Egr1 protein level. The FGF1-induced Egr1
protein expression was detectable 30 min after FGF1 stimulation and
peaked at 2 h for both cell lines. The expression of Egr1 is dramatically
higher in PC12-SH2B1β cells compared with PC12-GFP cells at all time
points tested. At 1 h time point, Egr1 expression in PC12-SH2B1β
cells was at least 3 times higher than that in PC12-GFP cells. Egr1
remained detectable even 24 h after FGF1 treatment in PC12-SH2B1β
cells (Fig. 7B). To determine which pathway leads to induction of Egr1
expression, cells were pretreatedwithU0126 or LY294002 for 1 h before
FGF1 induction for another hour. The expression level of Egr1 was
determinedusing real timequantitativePCR (Q-PCR). The FGF1-induced
Egr1 level in PC12-SH2B1β cells is approximately 2.5 fold of that inPC12-
GFP cells and is dramatically reduced by the treatment of MEK inhibitor
(Fig. 7C) and not affected by PI3K inhibitor (Fig. 7D), suggesting that
FGF1-induced Egr1 expression is predominantly through MEK-ERK1/2
pathway. p35, a candidate target gene of Egr1, is the regulatory sub-
unit of Cdk5. Upon binding to Cdk5, p35 increases the kinase activity of
Cdk5/p35 complex to promote neurite outgrowth [55,56]. Because the
promoter region of p35 contains an Egr1 binding site, we examined
whether FGF1would induce the expressionof p35 andwhether SH2B1β
would have a role in p35 expression. In PC12-GFP cells, the FGF1-
induced mRNA level of p35 was twice of the basal level, peaked at 1 h
and declined to lower than the basal level by 6 h. In PC12-SH2B1β cells,
p35 level peaked at 30min, declined afterwards to near basal level for at
least 6h after FGF1 treatment (Fig. 7E). Theprotein expressionpatternof
p35mirrors themRNA level in that it peaked around 30min to 1 h after
FGF1 stimulation. The level declined after 1 h of FGF1 treatment in PC12-
GFP cells while prolonged in PC12-SH2B1β cells (Fig. 7F). Over-
expression of SH2B1β did not result in significant increase of p35.
Because thedegree of up-regulationof FGF1-induced Egr1 ismuchmore
dramatic than that for p35, FGF1-induced Egr1 expression does not
likely to result in induction of p35.
Fig. 8. Proline-rich, PH and SH2 domains of SH2B1β are required for its ability to enhance FG
shown. (B) PC12 stable cell lines that express either of the constructs as in (A) were subjected
as described in the Materials and methods section. More than 200 cells were counted for ea
represent standard errors.
3.6. Structural domains that mediate SH2B1β's enhancement of FGF1-
induced neurite outgrowth

SH2B1β contains proline-rich, PH, and SH2 domains. To determine
which domains are responsible for SH2B1β-mediated enhancement of
FGF1-induced neurite outgrowth, we assessed the FGF1-induced
neuronal differentiation among stable cell lines that express various
mutation constructs of SH2B1β. The domain structures of SH2B1β
mutants are depicted in Fig. 8A. SH2B1β(270–670) lacks the N-terminal
proline-rich domains, SH2B1β(397–670) has no N-terminal proline-
rich and PH domain, and SH2B1β(R555E) is the dominant negative
mutantwith a pointmutation at the FLVRmotif within the SH2 domain.
When these cell lines were treated with FGF1 for the indicated time
period, PC12-SH2B1β cells showed the highest enhancement on
neuronal differentiation, followed by PC12-SH2B1β(270–670) and
PC12-SH2B1β(397–670) cells, and the differentiation percentage in
PC12-SH2B1β(R555E) cells was lower than that in PC12-GFP cells (Fig.
8B). Removing N-terminal proline-rich regions significantly reduced
SH2B1′s ability to enhance FGF1-induced neurite outgrowth sug-
gesting that proteins binding to these regions may contribute to the
positive effect of SH2B1β in neurite outgrowth. Interestingly, we
found that PC12-SH2B1β(270–670) cells initiated neurites faster
than PC12-SH2B1β(397–670) cells while the percentage of differ-
entiation of PC12-SH2B1β(397–670) cells was higher than PC12-
SH2B1β(270–670) after 3 days of FGF1 treatment. With a point
mutation within the SH2 domain, the dominant negative mutant,
SH2B1β(R555E), inhibited the ability of SH2B1β to enhance neurite
outgrowth.

Our earlier results suggest that SH2B1β enhances FGF1-induced
neurite outgrowth throughMEK-ERK1/2 pathway.We thus determine
the effect of SH2B1β truncationmutants in FGF1-induced pERK1/2. As
demonstrated in Fig. 9A, PC12-SH2B1β showed enhanced FGF-
induced pERK1/2 compared with the control PC12-GFP cells. PC12-
SH2B1β(R555E) showed similar level of FGF1-induced pERK1/2 with
control cells. This result is consistent with previously reported result
that SH2B1β(R555E) did not inhibit NGF-induced neurite outgrowth
F1-induced neurite outgrowth. (A) Domain structures in various SH2B1β constructs are
to FGF1 treatment for 0 to 6 days. The percentage of neuronal differentiationwas scored
ch cell line per time point. Data are from 3 independent experiments and the error bars



Fig. 9. The ability of SH2B1βmutants in promoting FGF1-induced neurite outgrowth corresponds to pERK1/2 level. PC12 cells stably expressing (A) GFP, GFP-SH2B1β(R555E), GFP-
SH2B1β or GFP-SH2B1β(270–670), (B) GFP-SH2B1β or GFP-SH2B1β(397–670) were stimulatedwith 100 ng/ml FGF1 for the indicated time period and the induced level of pERK1/2
was determined via Western blotting. Total ERK11/2 was used as loading control.
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through inhibiting NGF signaling [44]. PC12-SH2B1β(270–670)
showed reduced pERK1/2 compared with PC12-SH2B1β cells but
higher than the control cells. PC12-SH2B1β(397–670) also showed
reduced pERK1/2 compared with PC12-SH2B1β cells (Fig. 9B). These
results are consistent with our earlier conclusion that SH2B1β
enhances FGF1-induced neurite outgrowth mainly through MEK-
ERK1/2 pathway.
3.7. Inhibiting ROCK activity enhances FGF1-induced neurite outgrowth

It has previously been shown that ciliary neurotrophic factor
(CNTF) rescued retinal ganglion cells (RGC) from axotomy-induced
apoptosis through JAK-STAT3 pathway [57,58]. A recent study used
JAK2 inhibitor, AG 490, to block the activation of STAT3 and showed
that inhibiting CNTF-induced tyrosyl phosphorylation of STAT3
increased neurite outgrowth of RGC [59]. Furthermore, inhibiting
Rho kinase (ROCK) activity using Y-27632 inhibited tyrosyl phos-
phorylation of STAT3 and increased neurite outgrowth. Our results
indicate that SH2B1β enhances FGF1-induced neurite outgrowth
through Ser727 phosphorylation of STAT3. We did not detect obvious
induction of Tyr705 phosphorylation of STAT3 during FGF1 treatment
(data not shown). Nonetheless, to examine whether ROCK activity
would affect FGF1-induced neurite outgrowth and pSTAT3(S727), we
treated PC12 cells without or with Y-27632 andmonitored the neurite
outgrowth. As demonstrated in Fig. 10A, compared with medium-only
controls, treating PC12-GFP, PC12-SH2B1β, PC12-SH2B1β(R555E),
PC12-SH2B1β(270–670) and PC12-SH2B1β(397–670) stable cell
lines with Y-27632 induced neuronal sprouting (short neurites) but
did not result in neuronal differentiation. Interestingly, inhibiting
ROCK activity enhanced FGF1-induced neurite outgrowth in all stable
cell lines tested on 3 or 6 days after FGF1 stimulation (Fig. 10B). To
determine whether inhibiting ROCK activity affects FGF1-induced
pSTAT3(S727), we treated all five stable cell lines with Y-27632, FGF1
or both and examined pSTAT3(S727) through Western blotting.
Fig. 11A showed that in the presence of Y-27632, FGF1-induced
pSTAT3(S727) was not reduced. This is true for all five stable cell lines.
In fact, the extent of FGF1-induced pSTAT3(S727) correlated with
their neurite outgrowth ability. Comparing with PC12-SH2B1β cells,
PC12-SH2B1β(270–670) and PC12-SH2B1β(397–670) cells showed
reduced pSTAT3(S727) in response to FGF1. Quantified results are
shown in Fig. 11B. Consistent with what Lingor et al. has shown, we
also found that inhibiting ROCK increased induced level of pERK1/2
and pAKT(S473) level (Fig. 11C) [59].

Our current working model of how SH2B1β enhances FGF1-
induced neurite outgrowth is depicted in Fig. 12. SH2B1β enhances
FGF1-induced MEK-ERK1/2 and PI3K-AKT signaling pathways as well
as increased pSTAT3(S727) resulting in the up-regulation of Egr1
expression. Inhibiting ROCK activity enhances FGF1-induced neurite
outgrowth through pSTAT3(S727)-independent pathway.

Taken together, we have found that overexpressing the adaptor
protein SH2B1β enhances FGF1-induced neurite outgrowth in PC12
cells. Our data demonstrate that SH2B1β enhances and prolongs the
signaling initiated by FGF1, including the phosphorylation of ERK1/2
and AKT. A novel FGF1-induced signaling pathway that we have
identified is the MEK-ERK1/2-STAT3 pathway. SH2B1β enhances and
prolongs FGF1-induced pSTAT3(S727) as well as the expression of
Egr1, which are MEK-ERK1/2-dependent.

4. Discussion

SH2B1β is a signaling adaptor protein, originally identified to
interact with Janus kinase 2 (Jak2) and regulates growth hormone
signaling [42]. Accumulating data add its significance through
identifying its binding partner, such as FGFR3, TrkA, Ret, platelet-
derived growth factor, insulin receptor, insulin growth factor 1 and
tyrosine kinase Jak2, thus regulates their downstream signaling and
physiological outcomes [41,42,44,49,60–62]. In this study, we pre-
sented evidence that PC12 cells stably expressing GFP-SH2B1β
promote FGF1-induced neurite outgrowth. FGF1-induced phosphor-
ylation of ERK1/2 and AKT was enhanced as well as prolonged in
PC12-SH2B1β cells compared with control cells. Inhibiting pERK1/2
with MEK inhibitor blocks FGF1-induced neurite outgrowth and
SH2B1β-mediated enhancement of neurite outgrowth strongly
suggest the requirement of MEK-ERK1/2 in FGF1-induced neurite
outgrowth. A study by Renaud et al. concluded that the neurotrophic
activity of FGF1 is independent of ERK1/2 pathway [53]. To address
the requirement of pERK1/2, we have examined pERK1/2 level with
different dosages of FGF1. At 20 ng/ml FGF1, pERK1/2 was detected
but no obvious morphological differentiation was observed after
3 days of treatment. One the other hand, 100 ng/ml FGF1 resulted in
much higher pERK1/2 accompanied with morphological differentia-
tion. Based on these results, we conclude that pERK1/2 needs to reach
a threshold to initiate neurite outgrowth in PC12 cells. In addition,
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prolonged pERK1/2 signal is required for neurite outgrowth. Low
dosage of FGF1 only elicits transient pERK1/2 and is not sufficient to
lead to neurite outgrowth. Therefore, the statement by Renaud et al.
that “the neurotrophic activity of FGF1 is independent of ERK1/2
pathway” is not entirely correct. Interestingly, inhibiting pERK1/2
increased the level of pAKT (Fig. 5A), the expression of Egr1 (Fig. 7D)
and number of cells bearing neurites (Fig. 5B and data not shown).
This finding raises a possibility that MEK-ERK1/2 and PI3K-AKT
pathways crosstalk to orchestrate the signal for FGF1-induced neurite
outgrowth. To our surprise, blocking phosphorylation of AKT by
LY294002 did not prevent FGF1-induced neurite outgrowth. Never-
theless, the neurites generated from LY294002-treated cells appeared
thinner, indicative of being less healthy (Fig. 5B, panels v, vi). In
addition, the expression of neuronal beta III tubulin in the LY294002-
treated neurites was much reduced (Fig. 5C), suggesting that FGF1-
induced pAKT may be involved in neuronal tubulin assembly or
stability in the neurites and thus the maintenance of neuronal pheno-
type. Nonetheless, we cannot exclude the possibility that LY294002
Fig. 10. Inhibiting ROCK enhances FGF1-induced neurite outgrowth. PC12 cells stably
SH2B1β(397–670) were incubated (A) in differentiation medium only or with 10 μM ROCK i
10 μMY-27632 for 3 or 6 days. Y-27632was added 1 h before FGF1 addition. Bright field image
fluorescence microscope. Representative images are shown.
would inhibit kinases other than AKT to modulate FGF1-induced
neurite outgrowth and survival.

To further delineate the role of FGF1-dependent MEK-ERK1/2
activation, we have identified STAT3 transcription factor as one of the
downstream effectors. The established paradigm of tyrosine phos-
phorylation of STATs is mediated through Janus kinase (JAK) family
of receptor tyrosine kinases, cytokine receptors or growth factors [63–
67]. S727 phosphorylation of STAT3 has just begun to gain its share of
attention recently and is believed to confer maximal transcriptional
activity of cytokines by recruiting p300 [68,69]. In this study, we have
shown that pSTAT3(S727) was induced upon FGF1 stimulation and
the induction is enhanced and prolonged by SH2B1β overexpression.
Phosphorylation of S727 at STAT3 has been implicated in the postnatal
rat brain development, during retinoid acid-induced neuronal
differentiation of embryonic stem cells and during NGF treatment in
PC12 cells [54,70,71]. Our data of FGF1 inducing pSTAT3(S727)
corroborates these findings (Fig. 6). The induced pSTAT3(S727) was
enhanced by overexpressing SH2B1β and was inhibited by MEK
expressing GFP, GFP-SH2B1β, GFP-SH2B1β(R555E), GFP-SH2B1β(270–670) or GFP-
nhibitor, Y-27632, for 6 days; or (B) with 100 ng/ml FGF1 in the absence or presence of
s of live cells from each indicated conditionwere taken using inverted Zeiss Axiover 135



Fig. 10 (continued).
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inhibitor suggesting that SH2B1β enhances MEK-ERK1/2 to increase
pSTAT3(S727). This result presents the second STAT familymember, in
addition to STAT5, that is regulated by SH2B1β. In this study, we also
showed that SH2B1β enhances FGF1-induced expression of immedi-
ate early gene, Egr1. Furthermore, we demonstrate that FGF1-induced
Egr1 expression is through MEK-ERK1/2 pathway. Collectively, our
data reveal the possibility that pSTAT3(S727) plays an essential role in
mediating FGF1-induced signaling and gene expression required for
neurite outgrowth.

Unlike NGF, FGF1-induced Egr1 does not result in increased
expression of p35 despite the promoter region of p35 contains an
Egr1 binding site. This result reveals a novel finding that NGF and FGF1
use distinct mechanisms to promote neurite outgrowth in PC12 cells.
In addition, our results agree with previous findings that over-
expression of SH2B1β does not increase NGF-induced pERK1/2 and
pAKT [44]. The pattern of SH2B1β-regulated GDNF-induced signaling
and neurite outgrowth mirrors its regulation on NGF-dependent
signaling [44,49]. The differential regulation of SH2B1β on NGF and
GDNF versus FGF1-induced signaling implies that SH2B1β utilizes
different mechanisms to promote neurite outgrowth depending on
the neurotrophic factors.

We further determined the domains within SH2B1β that are
required for its ability to enhance FGF1-induced neurite outgrowth.
With a point mutation in SH2 domain, SH2B1β(R555E) inhibited the
ability of SH2B1β to promote neurite outgrowth but did not inhibit
FGF1-induced pERK1/2. This finding is consistent with the previous
result suggesting that SH2B1β(R555E) inhibited NGF-induced neurite
outgrowth through mechanisms other than inhibiting NGF signaling
[44]. Removing N-terminal proline-rich domains significantly reduced
FGF1-initiated neurite outgrowth.With additional PH domain deleted,
the neurite elongation catched up at later stage of differentiation.
These results reveal a possibility that the proline-rich regions and the
PH domain may have distinct roles in neurite initiation and elonga-
tion. Further studies shall cast insight on what SH2B1β-interacting
proteins/protein complex are involved in SH2B1β-mediated neurite
outgrowth.

Neuronal morphology is in part determined through the regulation
of the cytoskeleton. Rho family of GTPase are key regulators of actin



Fig. 11. Inhibiting ROCK does not result in inhibition of FGF1-induced pSTAT3(S727). (A) PC12 cells stably expressing GFP, GFP-SH2B1β, GFP-SH2B1β(R555E), GFP-SH2B1β(270–670)
or GFP-SH2B1β(397–670) were stimulated with 100 ng/ml FGF1 for 10 min in the absence or presence of 10 μM ROCK inhibitor, Y-27632. Y-27632 was added 1 h before FGF1
addition. FGF1-induced pSTAT3(S727) was determined viaWestern blotting. Total STAT3 was used as loading control. (B) Quantified results of the effect of Y-27632 on FGF1-induced
pSTAT3(S727) are shown. Data were from three independent experiments. The error bars represent standard errors. (C) PC12-SH2B1β cells were treated without or with 10 μM Y-
27632 in the absence or presence of 100 ng/ml FGF1 for 10 min. Y-27632 was added 1 h before FGF1 addition. pAKT(S473) and pERK1/2 levels were determined viaWestern blotting
and ERK1/2 level was used as loading control.

1071W.-F. Lin et al. / Cellular Signalling 21 (2009) 1060–1072
cytoskeleton. In genereal, Rac and Cdc42 promotoe neurite outgrowth
while RhoA stimulates retraction [72]. A recent study suggests that
combined treatment of ROCK inhibitor and CNTF resulted in enhanced
pERK1/2 and pAKT as well as regeneration of retinal ganglion cells
[59]. While CNTF induces the tyrosyl phosphorylation of STAT3, the
combination of ROCK inhibitor and CNTF reduced the phosphorylation
[59]. In contrast, during FGF1-induced neurite outgrowth, we did not
detect obvious FGF1-induced tyrosyl phosphorylation of STAT3 (data
not shown) suggesting that JAK/STAT pathway is probably not
involved. This likely underlies the difference between central and
peripheral nervous systems. Interestingly, ROCK inhibition increased
FGF1-induced neurite outgrowth in PC12 cells. We further demon-
strated that the increased neurite outgrowth was not due to inhibition
of pSTAT3(S727) but likely through increasing pERK1/2 and pAKT.
Alternatively, the data may suggest that RhoA inactivation is required
for FGF1-induced neurite outgrowth as ROCK is one of the down-
stream effectors of RhoA.

Taken together, the current study provides the first evidence that
the ubiquitously expressed adaptor protein SH2B1β enhances FGF1-
induced neurite outgrowth, enhances and prolongs FGF1-induced
level of pERK1/2, pAKT and pSTAT3(S727) as well as Egr1 expression
in PC12 cells. Moreover, we demonstrate that SH2B1β's enhancement



Fig. 12. Working model of how SH2B1β enhances FGF1-induced neurite outgrowth in
PC12 cells. SH2B1β enhances and prolongs FGF1-induced MEK-ERK1/2 and PI3K-AKT
pathways. SH2B1β also increases pSTAT3(S727) of STAT3 and the expression of Egr1
through MEK-ERK1/2 pathway. Inhibiting ROCK enhances FGF1-induced neurite
outgrowth, FGF1-induced pERK1/2 and pAKT but does not affect pSTAT3(S727). Solid
line: known pathways or identified pathways in this study. Dashed line: putative steps
or involve multiple steps.
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on FGF1 signaling and gene expression is largely through MEK-ERK1/
2-STAT3-Egr1 pathway. Furthermore, our results suggest that inhibit-
ing ROCK enhances FGF1-induced neurite outgrowth through pSTAT3
(S727)-independent manner.
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