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SH2B1� Interacts with STAT3 and Enhances Fibroblast Growth
Factor 1-Induced Gene Expression during Neuronal Differentiation

Yu-Jung Chang,a Kuan-Wei Chen,a Ching-Jen Chen,a Ming-Hsing Lin,b Yuh-Ju Sun,b Jia-Lin Lee,c Ing-Ming Chiu,e Linyi Chena,d

Institute of Molecular Medicine,a Institute of Bioinformatics and Structural Biology,b Institute of Molecular and Cellular Biology,c and Department of Medical Science,d

National Tsing Hua University, Hsinchu, Taiwan, Republic of China; Division of Molecular and Genomic Medicine, National Health Research Institutes, Miaoli County,
Taiwan, Republic of Chinae

Neurite outgrowth is an essential process during neuronal differentiation as well as neuroregeneration. Thus, understanding the
molecular and cellular control of neurite outgrowth will benefit patients with neurological diseases. We have previously shown
that overexpression of the signaling adaptor protein SH2B1� promotes fibroblast growth factor 1 (FGF1)-induced neurite out-
growth (W. F. Lin, C. J. Chen, Y. J. Chang, S. L. Chen, I. M. Chiu, and L. Chen, Cell. Signal. 21:1060 –1072, 2009). SH2B1� also
undergoes nucleocytoplasmic shuttling and regulates a subset of neurotrophin-induced genes. Although these findings suggest
that SH2B1� regulates gene expression, the nuclear role of SH2B1� was not known. In this study, we show that SH2B1� inter-
acts with the transcription factor, signal transducer, and activator of transcription 3 (STAT3) in neuronal PC12 cells, cortical
neurons, and COS7 fibroblasts. By affecting the subcellular distribution of STAT3, SH2B1� increased serine phosphorylation
and the concomitant transcriptional activity of STAT3. As a result, overexpressing SH2B1� enhanced FGF1-induced expression
of STAT3 target genes Egr1 and Cdh2. Chromatin immunoprecipitation assays further reveal that, in response to FGF1, overex-
pression of SH2B1� promotes the in vivo occupancy of STAT3-Sp1 heterodimers at the promoter of Egr1 and Cdh2. These find-
ings establish a central role of SH2B1� in orchestrating signaling events to transcriptional activation through interacting and
regulating STAT3-containing complexes during neuronal differentiation.

During neuronal development, neurotrophins, which include
nerve growth factor (NGF) (1), brain-derived neurotrophic

factor (BDNF), and fibroblast growth factors (FGFs), influence
the differentiation and survival of neurons (2–4). In the nervous
system, the neurotrophic properties of FGFs are important in
maintaining neuronal populations and stimulate regeneration af-
ter neuronal injury (5, 6). FGFs induce the FGF receptor (FGFR)
substrate 2 (FRS2), Ras–mitogen-activated protein kinase
(MAPK) pathway, phosphatidylinositol 3-kinase (PI3K)–AKT
pathway, and phospholipase C � (PLC�) pathways, which lead to
various cellular responses (7). FGF1, originally isolated from bo-
vine brain and hypothalamus (8), binds to FGFR1 to FGFR4, and
its binding to FGFR1 induces neuronal differentiation via MAPK
activation in PC12 cells, a well-established neuronal cell line
(9, 10).

Adaptor proteins in a signaling pathway act to convey extracel-
lular signals to downstream signaling molecules. They often con-
tain several protein-protein interaction domains that are respon-
sible for recruiting signaling components (11). Several lines of
study have revealed their unexpected roles in regulating transcrip-
tional complexes. �-Arrestin 2, for instance, is an adaptor/scaffold
protein that plays a role in G protein-coupled receptor signaling
pathways. It binds to inhibitor of �B� (I�B�) and nuclear factor
�B (NF-�B), prevents degradation of I�B�, leads to accumulation
of NF-�B in the cytoplasm, and inhibits the expression of NF-�B
target genes during an immune response (12, 13). Along the same
lines, in response to �-opioid receptor activation, �-arrestin 1
shuttles between the cytoplasm and nucleus, interacts with cyclic
AMP (cAMP) response element-binding protein, and as a result
recruits p300 to regulate acetylation of downstream gene promot-
ers and gene expression of p27 and c-fos (14). Signal transducing
adaptor protein 2 (STAP-2) is another case in which an adaptor
protein acts together with signal transducers and activators of

transcription 3 (STAT3) to regulate STAT3 activation, transcrip-
tional activity, and downstream gene expression to regulate tumor
progression (15–17). Thus, the involvement of signaling adaptor
proteins in transcriptional regulation has emerged as a new venue
to regulate physiological responses.

SH2B1, SH2B2, and SH2B3 are adaptor/scaffold proteins that
belong to the SH2B family. SH2B1� (� variant of SH2B1) partic-
ipates in signaling pathways for several receptor tyrosine kinases
(RTKs), such as insulin, NGF (1), glial cell line-derived neu-
rotrophic factor (GDNF), FGF1, and erythropoietin receptors
(18–23). We have previously shown that SH2B1� enhances
FGF1-induced neurite outgrowth in PC12 cells, mainly through
the MAPK kinase (MEK)– extracellular signal-regulated kinase
(ERK1/2)-STAT3 pathway and the expression of STAT3 target
gene Egr1 (24). SH2B1� also undergoes nucleocytoplasmic shut-
tling and regulates a subset of NGF-responsive genes, suggestive of
its involvement in transcriptional regulation (25, 26). Expressing a
mutant form of SH2B1� that contains a defective nuclear local-
ization signal (NLS) inhibits NGF-induced neurite outgrowth in
PC12 cells, implicating the importance of its nuclear function dur-
ing neuronal differentiation (27).

SH2B1� does not contain a DNA binding domain. We think
that SH2B1� may interact with STAT3 to affect the expression of
genes required for differentiation. STAT3 is phosphorylated and
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activated by tyrosine kinases, including Janus protein tyrosine ki-
nases (JAKs). Tyrosine-phosphorylated STAT3 has been impli-
cated in mediating STAT3 dimerization and translocation to the
nucleus to regulate gene expression (28, 29). In addition, serine
phosphorylation of STAT3 is required for its maximal transcrip-
tional activity (30, 31). Although tyrosine phosphorylation of
STAT3 is thought to be required for serine phosphorylation, ac-
cumulating evidence suggests that serine-phosphorylated STAT3
regulates transcriptional activity independently of tyrosine
phosphorylation (24, 32–34). Acetylation of STAT3 also has an
essential role in dimerization and transcriptional activation inde-
pendent of phosphorylation (35–38). Several studies have demon-
strated that STAT3 regulates the formation of dendritic spines
(39), neuronal differentiation (40), cell aggregation (41), and mi-
gration (42) by regulating the expression of Cdh2, which encodes
N-cadherin. Cdh2 is a direct target of STAT3 in response to on-
costatin M (43), and expression of N-cadherin is required for
neuronal differentiation (44, 45). In this study, we examine
whether SH2B1� binds to STAT3 and whether it affects the tran-
scriptional activity of STAT3 and expression of EGR1 and N-cad-
herin during neuronal differentiation.

MATERIALS AND METHODS
Reagents. Anti-pSTAT3(S727) and anti-pSTAT3(Y705) were purchased
from Bioworld (Minneapolis, MN). Anti-N-cadherin was purchased
from ECM Biosciences (Versailles, KY). Anti-ERK1/2, anti-glyceralde-
hyde-3-phosphate dehydrogenase (anti-GAPDH) antibodies, mithramy-
cin A, and bovine serum albumin (BSA) were purchased from Sigma (St.
Louis, MO). Anti-STAT3, anti-STAT1, and anti-poly(ADP-ribose) poly-
merase antibodies were purchased from Cell Signaling (Danvers, MA).
Anti-Sp1, antiphosphotyrosine, and anti-histone deacetylase (anti-
HDAC) antibodies were obtained from Millipore (Billerica, MA). Anti-
GAP-43, anti-green fluorescent protein (GFP) antibodies, and rabbit IgG
were purchased from GeneTex (Irvine, CA). Anti-EGR1, anti-lamin B,
anti-�-tubulin, anti-FGFR1 antibodies, and STA-21 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-FRS2 was purchased
from Abcam (Cambridge, United Kingdom). Polyclonal anti-SH2B1 an-
tibody was raised against a glutathione S-transferase fusion protein con-
taining residues 527 to 670 of SH2B1� as described previously (22) and
was a generous gift from Christin Carter-Su from the University of Mich-
igan. Anti-GFP and anti-myc tag antibodies were purchased from Hope-
gen Biotechnology Development Enterprise (Taipei, Taiwan, Republic of
China). IRDye800W-labeled anti-rabbit secondary antibody was pur-
chased from LI-COR Biosciences (Lincoln, NE). Anti-TfR and anti-
STAT5b antibodies, Alexa Fluor 700-conjugated secondary antibody, and
all media and sera used in this study were from Invitrogen (Carlsbad, CA).
Rat-tail collagen I was purchased from BD Bioscience. Human FGF1 was

provided by Ing-Ming Chiu at the National Health Research Institutes in
Taiwan.

Plasmids. The pEGFP-C1 vector and GFP-SH2B1�, myc-SH2B1�,
and GFP-SH2B1�(R555E) constructs were generous gifts from Chris-
tin Carter-Su. GFP-SH2B1�(1-260), GFP-SH2B1�(270-670), GFP-
SH2B1�(397-670), GFP-SH2B1�(�NES), and GFP-SH2B1�(�NLS)
were made as described in Chen and Carter-Su (25), and SH2B3 was made
as described in Wang et al. (46). STAT3, STAT3-C-FLAG (47), hemag-
glutinin (HA)–STAT3-D (48), and STAT3-Y705F (49) were gifts from
Ming-Jer Tang at National Cheng Kung University, Taiwan. The lysine
mutant STAT3(K685R) was constructed by site-directed mutagenesis.
pLucTKS3, the STAT3 binding site luciferase plasmid, was a gift from
James Turkson at the University of Central Florida (50). pm674 (STAT
binding site luciferase; plasmid 8688; Addgene [51]), STAT3-S727A (plas-
mid 8708; Addgene [52]), and Sp1 (plasmid 24543; Addgene) constructs
were purchased from Addgene Inc. (Cambridge, MA). The Cdh2 pro-
moter luciferase plasmid was a gift from Shen-Liang Chen at National
Central University, Taiwan (53). Rat FGFR1 plasmid was a gift from
Manabu Negishi at Kyoto University, Japan (54).

Cell culture. PC12 cells were obtained from the American Type Cul-
ture Collection. PC12 cells stably overexpressing GFP, GFP-SH2B1�, or
GFP-SH2B1�(R555E) were made as described in Wang et al. (55), and
stably overexpressing GFP-SH2B1�(�NES) and GFP-SH2B1�(�NLS)
were made as described in Wu et al. (56). PC12 cells were seeded on
collagen-coated plates (coated with 0.1 mg/ml rat-tail collagen in 0.02 N
acetic acid) and maintained in Dulbecco’s modified Eagle medium
(DMEM) containing 10% horse serum (HS), 5% fetal bovine serum
(FBS), 1% L-glutamine (L-Gln), 1% antibiotic-antimycotic (AA) under
conditions of 37°C and 10% CO2. COS7 cells and 293T cells were obtained
from the American Type Culture Collection, and PC-3 cells were gifts
from Hong-Lin Chan at National Tsing Hua University, Taiwan. COS7
cells, 293T cells, and PC-3 cells were maintained in DMEM containing
10% FBS, 1% L-Gln, and 1% AA and cultured at 37°C under 5% CO2

conditions.
Primary culture of cortical neurons. The preparation of primary cor-

tical neurons was as described previously (46). Briefly, cells were dissoci-
ated from the brain cortex of embryonic day 18 (E18) embryos of
Sprague-Dawley rats (BioLASCO Taiwan Co., Ltd.) by treatment with
papain (10 U/ml). Dissociated cells were washed and suspended in mini-
mal essential medium (MEM) supplemented with 5% HS and 5% FBS.
Neurons were then plated at a density of 8 � 106 cells/dish in dishes coated
with 30 mg/ml of poly-L-lysine and cultured in neurobasal medium with
B27 (containing an additional 0.025 mM glutamate). This corresponded
to day in vitro (DIV) 1. On DIV 3, cells were treated with 5 	M cytosine
1-�-D-arabinofuranoside (ARC) to inhibit the growth of glial cells. Half of
the medium was replaced with fresh neurobasal/B27 medium on DIV 4
and then every 2 days. On DIV 7, cell lysates of the cortical neurons were
extracted.

FIG 1 SH2B1� interacts with STAT3. (A) Domains of SH2B1� and SH2B1� deletion mutants. SH2B1� contains three proline-rich domains (P), a dimerization
domain (DD), a nuclear localization signal (NLS), a nuclear export sequence (NES), a PH domain, and an SH2 domain. SH2B1�(R555E) is a dominant-negative
mutant with a point mutation of arginine to glutamic acid at residue 555. (B) COS7 cells were transiently transfected with GFP, GFP-SH2B1�(1-670),
GFP-SH2B1�(R555E), GFP-SH2B1�(1-260), GFP-SH2B1�(270-670), and GFP-SH2B1�(390-670) (left). Cell lysates were immunoprecipitated using anti-GFP
antibody and resolved via SDS-PAGE followed by immunoblotting with anti-GFP and anti-STAT3 antibodies. Arrowheads indicate the overexpressed proteins.
Cell lysates from COS7 cells expressing myc-SH2B1� were immunoprecipitated using anti-IgG or anti-myc antibody and resolved with SDS-PAGE, followed by
immunoblotting using antibodies against STAT3, STAT1, STAT5b, and SH2B1. (C) COS7 cells were transiently cotransfected with vector only or myc-SH2B1�
along with plasmid containing STAT3- or STAT-binding sequences fused to firefly luciferase (pLucTKS3 or pm674) and pEGFP. Cells were harvested, and the
firefly luciferase activity was measured and normalized to pEGFP levels. Values are the means 
 standard errors of the means (SEM) from three independent
experiments. (D) COS7 cells were transiently transfected with GFP-SH2B1�(�NES) or GFP-SH2B1�(�NLS). Cell lysates were fractionated and immunoblotted
with anti-STAT3 and anti-SH2B1 antibodies. �-Tubulin was used as a marker for the cytoplasmic fraction and lamin B as a marker for the nuclear fraction.
Cytoplasmic STAT3 was normalized to cytoplasmic �-tubulin, and nuclear STAT3 was normalized to nuclear lamin B levels. Values are means 
 SEM from three
independent experiments. (E) COS7 cells were transiently transfected with GFP-SH2B1�, GFP-SH2B1�(�NES), or GFP-SH2B1�(�NLS) along with pm674 and
a Renilla luciferase plasmid. The firefly luciferase activities were normalized to the corresponding Renilla luciferase activities. Values are the means 
 SEM from
three independent experiments. *, P � 0.05 by paired Student’s t test.

SH2B1 Enhances STAT3 Target Genes

March 2014 Volume 34 Number 6 mcb.asm.org 1005

 on F
ebruary 19, 2014 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org
http://mcb.asm.org/
http://mcb.asm.org/


Immunoblotting and immunoprecipitation. Cells were lysed by ra-
dioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.5, 1%
Triton X-100, 150 mM NaCl, 2 mM EGTA) containing 1 mM Na3VO4, 1
mM phenylmethylsulfonyl fluoride (PMSF), 10 ng/ml aprotinin, and 10
ng/ml leupeptin. The protein concentration of each sample was deter-
mined by bicinchoninic acid (BCA) assay. An equal amount of each pro-
tein sample was separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), followed by immunoblotting with the indi-
cated antibodies. The immunoblots were subsequently detected using
IRDye-conjugated IgG and the Odyssey infrared imaging system (LI-COR
Biosciences). For immunoprecipitation, cell lysates were prepared in
RIPA buffer and incubated with the indicated antibody and then mixed
with protein A-Sepharose or protein G-agarose beads. Thereafter, beads
were collected, washed three times, and resuspended in 2� SDS sample
buffer. Immunoprecipitated proteins were resolved by SDS-PAGE.

Fractionation. Cells were collected in fractionation buffer (10 mM
Tris-HCl, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
dithiothreitol [DTT]) containing 1 mM Na3VO4, 1 mM PMSF, 10 ng/ml
aprotinin, and 10 ng/ml leupeptin. Cell lysates were passed through a
27-gauge needle 50 times using a 1-ml syringe and then centrifuged at
2,300 rpm (500 � g) at 4°C for 5 min. After centrifugation, the superna-
tant is the cytoplasmic fraction and the pellet is the nuclear fraction (nu-
clei and nucleus-associated structures), and they were washed twice by
adding fractionation buffer containing 0.5% NP-40, centrifuged again at
13,000 rpm (16,000 � g) at 4°C for 5 min, and resuspended in RIPA buffer
containing 0.1% SDS.

Duolink in situ PLA. The Duolink in situ proximity ligation assay
(PLA) kit was purchased from Olink Bioscience (Uppsala, Sweden) and
performed according to the manufacturer’s instructions. Briefly, cells
were seeded on Matrigel-coated coverslips, incubated in serum-free me-
dium overnight, and then treated with 100 ng/ml FGF1 and 10 	g/ml
heparin for the time indicated. Cells were fixed by 4% paraformaldehyde
(Electron Microscopy Sciences) on ice for 10 min, permeabilized by 100%
methanol at �20°C for 10 min, and then incubated in blocking buffer
containing 1% bovine serum albumin. Cells were incubated with mouse
anti-STAT3 antibody along with rabbit anti-GFP or anti-Sp1 antibody at
4°C overnight, followed by incubation with Duolink PLA rabbit plus and
PLA mouse minus probes. After incubation, ligation and amplification
were followed by using Duolink detection reagent red. Nucleus was
stained with 4=,6-diamidino-2-phenylindole (DAPI), and cells were
mounted using Prolong Gold reagent (Invitrogen). Fluorescence signals
were detected by an LSM 780 confocal fluorescence microscope (Zeiss)
with a 63� oil objective, and we performed a z-stack series. Images were
analyzed by ZEN 2011 software (Zeiss) to perform maximum intensity
projection, and PLA signal spots were counted by BlobFinder (Centre for
Image Analysis, Uppsala University, Uppsala, Sweden).

Luciferase assay. To analyze STAT3 transcriptional activity, PC12-
GFP and PC12-SH2B1� cells were transiently transfected with STAT3
promoter sequences fused to firefly luciferase (pLucTKS3 or pm674)
along with a cytomegalovirus-Renilla-Luc plasmid as an internal control
for 6 h. The cells were subsequently cultured in complete medium for
another 18 h. Cells then were harvested, and firefly and Renilla luciferase
activities were determined using a dual-luciferase reporter assay system
(Promega) and measured with a VICTOR3 multilabel plate reader
(PerkinElmer). The firefly luciferase activity was normalized to the Renilla
luciferase activity.

For Cdh2 promoter activity, PC-3 cells were transiently transfected
with a Cdh2 promoter plasmid containing firefly luciferase along with the
pEGFP-C1 plasmid as an internal control for 6 h. The cells were cultured
in complete medium for another 18 h. Firefly luciferase activities were
determined using a luciferase assay system (Promega), and GFP fluores-
cence was measured with the VICTOR3 multilabel plate reader. The firefly
luciferase activity was normalized to the GFP fluorescence.

FGF1 treatment and neurite outgrowth. For FGF1-induced neurite
outgrowth, PC12 cells were subcultured to 20 to 30% confluence in low-

serum differentiation medium (DMEM containing 2% HS, 1% FBS, 1%
AA, and 1% L-Gln). FGF1 needs heparin to elicit its physiological action
(57, 58); thus, heparin was added together with FGF1 during all FGF1
treatments in this study. To inhibit STAT3 activity, PC12-SH2B1� cells
were pretreated with STA-21 20 	M for 1 h before the addition of 100
ng/ml FGF1 and 10 	g/ml heparin in differentiation medium for 4 days.
Medium containing FGF1 and STA-21 was changed every 2 days. Live-cell
images were taken using an inverted Zeiss Observer Z1 microscope. The
average neurite length of PC12-SH2B1� cells on day 4 was determined
with ImageJ software. For the STAT3 knockdown stable cell lines (see
below), cells were treated with 100 ng/ml FGF1 and 10 	g/ml heparin in
differentiation medium for 6 days. Cells were considered differentiated if
their neurite lengths were at least twice the diameter of their cell bodies.

Knockdown of STAT3. Three pLKO.1-shSTAT3 plasmids
(TRCN0000020842 and TRCN0000071456) were obtained from the Na-
tional Core Facility at the Institute of Molecular Biology, Genomic Re-
search Center, Academic Sinica, Taiwan. To knock down STAT3 in PC12-
SH2B1� cells, cells were transfected with pLKO.1-shSTAT3 plasmid or
pLKO.1-shLacZ control plasmid and selected by treatment with puromy-
cin for at least 2 months. Pooled populations of stable clones were used to
avoid clonal variation.

Molecular docking. To perform molecular docking of SH2B1� and
STAT3, the crystal structure of full-length STAT3 (PDB code 1BG1, chain
A [59]) and the SH2 domain of SH2B1� (PDB code 2HDX, chain A [60])
was applied. Based on results from the protein immunoprecipitation ex-
periments, we focused on the SH2 domains of SH2B1� and STAT3 as
likely regions for this interaction. The complex model of SH2 and STAT3
was generated by ClusPro v2.0, a protein-protein docking server (61–64).
The five highest-scoring models, which were ranked based on their inter-
action free energies, were used to calculate the interface area with PD-
BePISA (65). The structural mutagenesis and the model representations
were generated by PyMOL (DeLano Scientific) and UCSF Chimera (66).

ChIP assay. The chromatin immunoprecipitation (ChIP) assays were
performed by following the methods described by Schoppee Bortz and
Wamhoff (67), with modifications. In brief, PC12-GFP and PC12-
SH2B1� cells were incubated in serum-free medium overnight before
being treated with 100 ng/ml FGF1 for the indicated time periods. Cells
were cross-linked with 1% formaldehyde for 10 min at room temperature
and terminated with 125 mM glycine for 5 min at room temperature, and
cells were harvested and sonicated to an average length of 0.5 to 1 kb by
using 45 bursts of 30 s on and 30 s off on a Bioruptor sonicator (Diag-
enode). The sheared chromatin was immunoprecipitated with 1 	g anti-
IgG or anti-STAT3 antibody. The cross-linking then was reversed with 0.2
M NaCl and RNase A at 37°C for 30 min, followed by adding proteinase K
at 37°C overnight and heating at 65°C overnight. DNA fragments were
purified by phenol-chloroform and precipitated by 100% ethanol. The
immunoprecipitated DNA was quantified by semiquantitative real-time
PCR (qPCR) using SYBR green master mix and an ABI Prism 7500 real-
time PCR system (Applied Biosystems). The forward primer for flanking
the Sp1-binding site at the promoter region of Cdh2 at bp �738/�732 is
5=-CAGCTCTCCCCCCACCACAC-3=, and the reverse primer is 5=-CCG
CAGCCGGAGAACAGT-3=. The forward primer for flanking the bp
�273/�263 region of the Cdh2 promoter is 5=-CACGCCCGCCCTTCT
C-3=, and the reverse primer is 5=-CAGCTCCTTGATCTCCCGTC-3=.
The forward primer for flanking the bp �139/�132 region of the Cdh2
promoter is 5=-GAGCAGCGGAGAAGGGGGT-3=, and the reverse
primer is 5=-TGCCCGGAGCCGTCTC-3=. The STAT3-binding site at the
promoter region of Egr1 is at bp �1552/�1545, TTCCTGGA (68, 69),
and the Sp1 binding site is at the GC box at bp �77/�59 (70). The specific
forward primer designed for flanking the STAT3-binding site is 5=-GTT
GGAAACAAGAGCCTTCC-3=, and the reverse primer is 5=-AGCAACC
CAAAGGGAGAAG-3=. The forward primer for flanking the Sp1-binding
site is 5=-CATGTACGTCACGGCGGA-3=, and the reverse primer is 5=-T
CGGCCTCTATTTCAAGGGTC-3=. qPCR data for occupancy of the pro-
moters was calculated by the following equation: �CT(normalized
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ChIP)  CT(ChIP) � [CT (input) � log2(input dilution factor)], where
CT is the threshold cycle. The input dilution factor is 1 divided by the
fraction of the input chromatin saved. The percentage of input was calcu-
lated as 2��CT(normalized ChIP).

Statistical analysis. The statistical analysis of immunoblotting results,
luciferase activity, average neurite length, differentiation percentage, and
qPCR of ChIP assay was performed using the paired Student t test. Signif-
icance is defined as P � 0.05.

RESULTS

Interaction between SH2B1� and STAT3. SH2B1 contains a
dimerization domain, three proline-rich domains, a pleckstrin
homology (PH) domain, and an Src homology (SH2) domain
near its C terminus (Fig. 1A). Alternative splicing of SH2B1 results
in four isoforms, �, �, �, and � (71). Based on our previous report,
overexpression of SH2B1� promotes FGF1-induced serine 727

FIG 2 Interaction between SH2B1� and STAT3 depends on STAT3 phosphorylation. (A) Domains of STAT3 and STAT3 mutant constructs. (B) PC-3 cells were
transiently transfected with GFP-SH2B1� along with STAT3, STAT3-C-FLAG, HA-STAT3-D, STAT3-K685R, STAT3-Y705F, or STAT3-S727A (designated
WT, C, D, K685R, Y705F, and S727A). Lysates were immunoprecipitated using anti-IgG or anti-GFP antibody and resolved with SDS-PAGE followed by
immunoblotting using antibodies against SH2B1 and STAT3. Representative blots are shown from four independent experiments. Arrowheads indicate the
STAT3 protein. An asterisk indicates the nonspecific bands. (C) The overall complex model contains the SH2 domain of SH2B1� (in cyan; PDB code 2HDX) and
STAT3� (in magenta; PDB code 1BG1). A higher-magnification view of the boxed region is shown in panels D and E. (D) STAT3 is shown as a magenta ribbon,
and the surface electrostatic potential of SH2B1� is also shown. The first (702) and last (716) residues of the phosphotyrosyl tail segment of STAT3 are numbered.
N664 and pY705, which are involved in STAT3-SH2B1� complex formation, are shown as sticks (left). The phosphorylated tyrosine of STAT3 provides a negative
charge to interact with SH2B1� (middle). The interaction is likely disrupted in the Y705F mutant due to the loss of the negative charge of the phosphate group
(right). (E) The residues involved in SH2B1�-STAT3 interaction are shown (left). SH2B1� and STAT3 are shown as cyan and magenta ribbons, respectively.
R555 of SH2B1� is surrounded by polar residues Q643, Q644, and N647 at a distance of 4 to 6 Å (middle). The distance is increased to 7 to 8 Å as R555 is mutated
to glutamic acid (right). (F) SH2B1� and STAT3 are shown in cyan and magenta ribbons, respectively. The location of K685 of STAT3 is relatively far away from
the interacting interface with 16.4 Å relative to E612, the nearest residue of SH2B1� (left). The distance is not affected after the K685 residue was replaced by
arginine (right).
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phosphorylation of STAT3 [pSTAT3(S727)] and expression of
the STAT3 target gene Egr1 during neuronal differentiation (24).
We set out to determine whether SH2B1� binds to STAT3, and if
it does, which domain(s) is responsible for the interaction. COS7
cells were transiently transfected with GFP, GFP-SH2B1�, GFP-
SH2B1�(R555E), GFP-SH2B1�(1-260), GFP-SH2B1�(270-670),
or GFP-SH2B1�(397-670). SH2B1� and its mutants were immu-
noprecipitated using anti-GFP antibody, and the presence of
STAT3 was determined by Western blotting. SH2B1�, SH2B1�
(270-670), and SH2B1�(397-670) were able to interact with
STAT3 (Fig. 1B, left). In contrast, SH2B1�(R555E) and SH2B1�
(1-260) did not bind to STAT3. SH2B1�(R555E) has a point mu-
tation in the FLVR motif within the SH2 domain, and SH2B1�(1-
260) contains the N-terminal region without PH and SH2
domains. This result suggests that the SH2 domain of SH2B1� is
required for interacting with STAT3. In contrast, SH2B1� does
not interact with other STAT family members, such as STAT1 and
STAT5b (Fig. 1B, far right).

We next determined whether SH2B1� regulates STAT3 tran-
scriptional activity. Luciferase reporter constructs that contain
seven STAT3-specific binding sites (pLucTKS3) or four STAT-
binding sites (pm674), together with a vector control or myc-
SH2B1�, were transfected into COS7 cells, and the relative tran-
scriptional activity was determined. Overexpression of SH2B1�
was able to increase the luciferase activity approximately 2-fold for
both reporter constructs (Fig. 1C). One mechanism by which
SH2B1� increases STAT3-mediated transcriptional activity is
through affecting the subcellular distribution of STAT3. To this
end, COS7 cells were transiently transfected with SH2B1� that
lacks a nuclear export sequences (NES) [SH2B1�(�NES)] or NLS
[SH2B1�(�NLS)]. SH2B1�(�NES) accumulates in the nucleus,
whereas SH2B1�(�NLS) is retained in the cytoplasm (25–27).
Cell lysates were subjected to fractionation, and the relative
amounts of STAT3 were compared. The nuclear STAT3 in cells
expressing SH2B1�(�NES) was 1.5-fold higher than that in cells

expressing SH2B1�(�NLS), whereas cytoplasmic STAT3 in cells
expressing SH2B1�(�NES) was 0.6-fold higher than that in
cells expressing SH2B1�(�NLS) (Fig. 1D). Overexpression of
SH2B1�(�NES) or SH2B1�(�NLS) in COS7 cells reduced the
STAT3-mediated transcriptional activity (Fig. 1E). These results
suggest that SH2B1� affects the distribution of STAT3 and that
the nucleocytoplasmic shuttling ability of SH2B1� is required to
regulate the transcriptional activity of STAT3.

Interaction between SH2B1� and STAT3 depends on STAT3
phosphorylation. To determine which region or modification of
STAT3 is important for the interaction with SH2B1�, we used
PC-3 cells, which lack endogenous STAT3 (72), to introduce var-
ious STAT3 mutants. STAT3 contains an N-terminal domain
(ND), coiled-coil domain (CCD), DNA binding domain (DBD),
SH2 domain, and transcription activation domain (TAD). To
characterize the domains that are responsible for the interaction
with SH2B1�, PC-3 cells were transfected with GFP-SH2B1� to-
gether with STAT3, STAT3-C (with A662C and N664C mutations
resulting in dimer-forming disulfide bridges) (47), STAT3-D
(with a DNA binding domain mutation), STAT3-K685R, in which
the acetylation site K685 is mutated, STAT3-Y705F, which con-
tains a point mutation at Y705, or STAT3-S727A, which contains
a point mutation at S727 (Fig. 2A). Coimmunoprecipitation ex-
periments were performed, and the presence of SH2B1� in vari-
ous STAT3-containing complexes was determined. SH2B1� in-
teracted with STAT3 and STAT3-D (Fig. 2B). The association
between SH2B1� and STAT3-C, STAT3-Y705F, or STAT3-S727A
was significantly inhibited. Because SH2B1� is defective in inter-
acting with STAT3-C, which constitutively forms a dimer, it is
possible that SH2B1� binds preferentially to the STAT3 mono-
mer. Consistent with this possibility, STAT3-K685R, which is no
longer acetylated and may exist primarily as a monomeric form
(35, 37, 38), can still bind to SH2B1�. These data also suggest that
SH2B1� recognizes phosphorylated STAT3. Thus, it is possible

FIG 3 SH2B1� enhances S727 phosphorylation and transcriptional activity of STAT3. (Ai) Cell lysates from PC12 cells that stably expressed GFP or GFP-
SH2B1� were collected, and an equal amount of proteins from each was separated by SDS-PAGE and immunoblotted (IB) with anti-pSTAT3(S727) and
anti-STAT3 antibodies. �-Tubulin was used as a loading control. Expression of pSTAT3(S727) was normalized to total STAT3 levels. Values are the means 

SEM from five independent experiments. (Aii and iii) Cell lysates from PC12-GFP and PC12-SH2B1� cells were separated by subcellular fractionation. Samples
were resolved by SDS-PAGE and immunoblotted with anti-STAT3 and anti-pSTAT3(S727). Transferrin receptor (TfR) was used as a membrane (M) fraction
marker, �-tubulin was used as a cytoplasmic (C) fraction marker, and histone deacetylase (HDAC) was used as a nuclear (N) fraction marker. L, total cell lysate.
The relative level of a fraction marker was the level of the marker in a fraction divided by the level in total cell lysate. The relative level of the indicated protein was
the level of the indicated protein in a fraction times the relative level of a fraction marker. Values are means 
 SEM from three independent experiments. (B)
PC12-GFP and PC12-SH2B1� cells were transiently transfected with pLucTKS3 or pm674 and a Renilla luciferase plasmid. Cells were harvested 18 h later, and
firefly luciferase activities were measured. The firefly luciferase activities were normalized to the corresponding Renilla luciferase activities. Values are the
means 
 SEM from at least three independent experiments. (C) PC12-SH2B1� cells were incubated in serum-free medium overnight before being left untreated
or treated with 100 ng/ml FGF1 plus 10 	g/ml heparin for 10 min. Cell lysates were immunoprecipitated using anti-IgG, anti-STAT3, or anti-pSTAT3(S727)
antibody. Immunoprecipitated complexes were resolved with SDS-PAGE followed by immunoblotting using antibodies against STAT3, SH2B1, and
pSTAT3(S727). Primary cortical neurons from E18 mice were cultured in vitro for 7 days (DIV 7). Lysates were immunoprecipitated using anti-IgG or
anti-STAT3 antibody and immunoblotted with anti-STAT3 and anti-SH2B1 antibodies. (D) PC12-SH2B1� cells were incubated in serum-free medium
overnight before being left untreated or treated with 100 ng/ml FGF1 for 10 min. Primary rabbit anti-GFP and mouse anti-STAT3 antibodies were combined with
Duolink PLA mouse minus and PLA rabbit plus probes. Cells incubated with Duolink PLA probes only served as a negative control. Images were taken using an
LSM 780 confocal fluorescence microscope. The SH2B1�-STAT3 complexes were detected as spots of PLA signal. Nuclear material was stained by DAPI. Scale
bar, 5 	m. Representative images are shown from two independent experiments. (E) PC12-GFP, PC12-SH2B1�, and PC12-SH2B1�(R555E) cells were
incubated in serum-free medium overnight and then were treated with 100 ng/ml FGF1 for 2 h. Cell lysates were collected, and equal amounts of proteins were
separated by SDS-PAGE and immunoblotted with anti-EGR1, anti-pSTAT3(S727), and anti-STAT3 antibodies. The expression levels of EGR1 and
pSTAT3(S727) were normalized to total STAT3. Values are the means 
 SEM from three independent experiments. (F) PC12-GFP, PC12-SH2B1�, PC12-
SH2B1�(�NES), and PC12-SH2B1�(�NLS) cells were incubated in serum-free medium overnight and then treated with 100 ng/ml FGF1 for 2 h. Cell lysates
were collected, and equal amounts of proteins were resolved by SDS-PAGE and immunoblotted with anti-EGR1, anti-pSTAT3(S727), and anti-STAT3 anti-
bodies. Expression of EGR1 was normalized to total STAT3 levels. Values are means 
 SEM from three independent experiments. (G) PC12-GFP, PC12-
SH2B1�, PC12-SH2B1�(�NES), and PC12-SH2B1�(�NLS) cells were treated with 100 ng/ml FGF1 for 4 days. The average neurite length on differentiation day
4 was calculated from three independent experiments. *, P � 0.05 by paired Student’s t test.
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that SH2B1� binds phosphorylated STAT3 monomer before the
formation of STAT3 homodimer.

To confirm these data, we used structural modeling to examine
whether SH2B1� binds preferentially with monomeric STAT3.
Because the immunoprecipitation assay showed that SH2B1� in-
teracts with STAT3 through its SH2 domain, the calculation of
molecular docking of SH2B1� to STAT3 was accomplished using
the available crystal structures of the full-length STAT3 and the
SH2 domain of SH2B1� (23, 73). The crystal structure of full-
length SH2B1� is not available. Among the SH2B1�-STAT3 com-
plex models developed from the molecular docking calculations,
the interacting regions of the five highest-scoring structures were
all located in their SH2 domains. The interface area for each of
these five complex models was calculated by the PDBePISA server.
The largest interface area of the model was 1,585 Å2, and this
putative complex is depicted in Fig. 2C. The interface between the
two proteins was stabilized through the electrostatic interaction
from a polar cavity of the SH2 domain of SH2B1� and a phospho-
tyrosyl tail segment (residues 702 to 716) of STAT3 (Fig. 2D).
Mouse STAT3� contains 722 amino acid residues instead of 770
for STAT3� (no crystal structure available) (74). Thus, there is no

S727 in the structural modeling of STAT3�. The phosphorylated
Y705 in the phosphotyrosyl tail may interact with residues G615,
S616, S617, and D618 of SH2B1� through the phosphate group
(within 4-Å distance). The negatively charged phosphate group
provides an electrostatic force to interact with surrounded resi-
dues of SH2B1�. These interactions might be disrupted in the
Y705F mutant due to the loss of negative charge of the phosphate
group (Fig. 2D). On the tip of an extended loop (residues 656 to
680) of STAT3, N664 might form a hydrogen bond with N582 of
SH2B1� (�2.9 Å) (Fig. 2E, left). In addition, R555 of SH2B1� is
inserted into an �-helix (residues 642 to 647) of STAT3 and is
surrounded by polar residues Q643, Q644, and N647 at a distance
of 4 to 6 Å. These residues may form hydrogen bonds through side
chain rotation to immobilize the complex. The result of the im-
munoprecipitation assay showed that the SH2B1�(R555E) mu-
tant lost the ability to bind to STAT3 (Fig. 1B). The glutamic acid
is negatively charged, which is opposite the charge of arginine, and
the side chain is shorter than that of arginine. As R555 was mu-
tated to E, the distances to Q643, Q644, and N647 of STAT3 in-
creased to 7 to 8 Å (Fig. 2E, right). The altered charge and longer
distance lower the possibility of interacting with STAT3. In this

FIG 4 Inhibiting STAT3 activity reduces SH2B1�-enhanced EGR1 expression and neurite outgrowth. (A) PC12-GFP and PC12-SH2B1� cells were incubated
in serum-free medium overnight before being treated with DMSO (�) or with the STAT3 inhibitor STA-21 (20 	M) (�) for 24 h, and then 100 ng/ml FGF1 was
added for 2 h. Cell lysates were collected, and equal amounts of proteins were separated by SDS-PAGE and immunoblotted with anti-EGR1, anti-pSTAT3(S727),
and anti-STAT3 antibodies. EGR1 expression was normalized to STAT3 levels. Values are the means 
 SEM from three independent experiments. (B)
PC12-SH2B1� cells were preincubated with DMSO or 20 	M STA-21 for 1 h and then were left untreated or treated with 100 ng/ml FGF1 for 4 days. Live-cell
images are shown. Scale bar, 50 	m. (C) The average neurite length of PC12-SH2B1� cells on differentiation day 4 was calculated from three independent
experiments. *, P � 0.05 by paired Student’s t test.
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complex model, K685 of STAT3 resides in a very flexible loop and
is relatively far away from the interacting interface with 16.4 Å to
E612, the nearest residue of SH2B1�. The distance between R685
of the K685R mutated complex model and E612 of SH2B1� does
not change (Fig. 2F), showing that residue 685 of STAT3 has no
effect on SH2B1�-STAT3 interaction. Thus, it is not likely that
K685 participates in the interaction with SH2B1�.

Interestingly, STAT3 forms homodimers through its SH2 do-
main, and the dimeric form of STAT3 has been implicated in
transcriptional activation (73). A constitutively active form of
STAT3 was previously made by replacing A662 and N664 with
cysteines to form two pairs of intermolecular disulfide bonds (47).
Our immunoprecipitation experiments showed that the A662C/
N664C mutant of STAT3 did not bind SH2B1�. In line with this
result, the interface area of STAT3 homodimer was 1,294.5 Å2,
which is smaller than that of the SH2B1�-STAT3 complex model,
1,585 Å2, indicative of stronger binding between SH2B1� and
STAT3. These results raise the possibility that SH2B1� competes
for binding with monomeric STAT3. Thus, STAT3 monomer may
preferentially bind to SH2B1� and form SH2B1�-STAT3 com-
plex. Together, these results suggest that SH2B1� interacts with
phosphorylated STAT3 monomer, transport it to the nucleus, and
facilitate STAT3 function in the nucleus.

Functional significance of the interaction between SH2B1�
and STAT3. To determine the functional significance of the
SH2B1� and STAT3 interaction, we examined the effect of over-
expressing SH2B1� in neuronal PC12 cells. Three stable PC12 cell

lines that expressed GFP (PC12-GFP), GFP-SH2B1� (PC12-
SH2B1�), and GFP-SH2B1�(R555E) (PC12-R555E) were estab-
lished (55). The basal level of pSTAT3(S727) was compared
between PC12-GFP and PC12-SH2B1� cells. The level of
pSTAT3(S727) in PC12-SH2B1� cells was 2.8-fold higher than
that in PC12-GFP cells (Fig. 3Ai). At resting state, cytoplasmic
pSTAT3(S727) in PC12-SH2B1� cells was 2.2-fold, whereas the
nuclear pSTAT3(S727) was 1.7-fold higher than those in PC12-
GFP cells (Fig. 3Aii and iii). The relative transcriptional activity
was also compared by using luciferase reporter assays. Similarly,
the relative transcriptional activity in PC12-SH2B1� cells was 2.9-
fold (pLucTK3) and 2.6-fold (pm674) higher than that in PC12-
GFP cells (Fig. 3B). To verify the interaction between SH2B1 and
STAT3 in neuronal cells, STAT3 was immunoprecipitated from
lysates of PC12-SH2B1� cells and cortical neurons derived from
embryonic day 18 mouse brains. The presence of SH2B1 in the
STAT3-containing complexes was determined. As shown in Fig.
3C, SH2B1 interacted with STAT3 both in PC12-SH2B1� cells
and primary cortical neurons. The interaction between SH2B1�
and STAT3 was increased 10 min after FGF1 treatment. In re-
sponse to FGF1 stimulation, SH2B1� also interacted with
pSTAT3(S727) (Fig. 3C, middle). To confirm the coimmunopre-
cipitation results, Duolink in situ PLAs were used to examine the
association between SH2B1� and STAT3 in response to FGF1.
PC12-SH2B1� cells were left untreated or were treated with FGF1,
followed by incubation with anti-GFP (detect GFP-SH2B1�) and
anti-STAT3 antibodies and then reaction with in situ PLA probes

FIG 5 STAT3 is required for SH2B1�-enhanced gene expression during neuronal differentiation. (A) PC12-SH2B1� cell lines that stably expressed shLacZ or
one of the shSTAT3 constructs (842 and 456) were established. Cell lysates were collected, and equal amounts of proteins were separated by SDS-PAGE and
immunoblotted with anti-STAT3 and anti-N-cadherin antibodies. �-Tubulin was used as a loading control. The arrow points to the N-cadherin band. The level
of STAT3 was normalized to �-tubulin. Values are the means 
 SEM from four independent experiments. (B) Cells like those described for panel A were
incubated in serum-free medium overnight and then treated with 100 ng/ml FGF1 for 2 h. Cell lysates were collected and immunoblotted with anti-STAT3 and
anti-EGR1 antibodies. �-Tubulin was used as a loading control. The level of EGR1 was normalized to �-tubulin. Values are the means 
 SEM from four
independent experiments. (C) Cells like those described for panel A were treated with 100 ng/ml FGF1 for 6 days. Live-cell images are shown. Scale bar, 50 	m.
(D) The percentage of differentiated cells was calculated from three independent experiments. *, P � 0.05 by paired Student’s t test.
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and reagents. The interactions between SH2B1� and STAT3 were
detected by fluorescent punctate signal. In response to FGF1 stim-
ulation, levels of SH2B1�-STAT3 complexes increased (Fig. 3D).
Taken together, these data suggest that SH2B1� interacts with
STAT3, and the interaction increases in response to FGF1 stimu-
lation. We next examined whether FGF1-induced expression of
EGR1 depends on the interaction between SH2B1� and STAT3.
To this end, PC12-GFP, PC12-SH2B1�, and PC12-R555E cell
lines were subjected to FGF1 stimulation for 2 h, and EGR1 ex-
pression was determined. SH2B1� enhanced FGF1-induced
EGR1, whereas SH2B1�(R555E) did not (Fig. 3E), which is con-
sistent with its inability to bind STAT3 (Fig. 1B, left). In line with
these data, PC12-SH2B1� cells had higher levels of induced
pSTAT3(S727), whereas PC12-GFP and PC12-R555E cells had
similar levels of induced pSTAT3(S727) (Fig. 3E). To examine
whether the enhancement of FGF1-induced expression of EGR1
and neuronal differentiation depends on the nucleocytoplas-
mic shuttling ability of SH2B1�, PC12-GFP, PC12-SH2B1�,
PC12-SH2B1�(�NES), and PC12-SH2B1�(�NLS) cell lines
were subjected to FGF1 stimulation, and EGR1 expression and
neurite outgrowth were determined. Neither SH2B1�(�NES) nor
SH2B1�(�NLS) can enhance FGF1-induced EGR1 expression
(Fig. 3F) and neurite outgrowth (Fig. 3G) compared to SH2B1�.
Together, these results suggest that SH2B1� interacts with STAT3
in PC12 cells and primary cortical neurons. The interaction be-
tween SH2B1� and STAT3 is required for the enhancement of
FGF1-induced expression of the STAT3 target gene, Egr1.

To determine whether SH2B1�-regulated gene expression re-
quires STAT3 activity, PC12-GFP and PC12-SH2B1� cell lines
were either mock treated or pretreated with STA-21 followed by
FGF1 treatment. STA-21 is known to inhibit nuclear translocation
and transcriptional activity of STAT3 (75). The FGF1-induced
EGR1 levels in PC12-GFP and PC12-SH2B1� cells were dramat-
ically reduced by treatment with STA-21 inhibitor. This inhibition
may in part result from reduced pSTAT3(S727) in response to
STA-21 (Fig. 4A) but not the change of pSTAT3(Y705) (data not
shown). As a result, STA-21 inhibited FGF1-induced neurite out-
growth, with the average neurite length reduced by 60% in PC12-
SH2B1� cells (Fig. 4B and C).

If STAT3 activity is required for SH2B1�-mediated enhance-
ment of neurite outgrowth, reduction of the endogenous STAT3
should have an impact on neuronal differentiation. STAT3 knock-
down cell lines were established to test this hypothesis. PC12-

SH2B1� cells were transfected with one of the two short hairpin
STAT3 (shSTAT3) constructs (842 and 456) or with a shLacZ
control. These two stable cell lines had STAT3 levels that were 20
to 65% of the STAT3 level in the shLacZ control cell line. The level
of N-cadherin, encoded by another STAT3 target gene, Cdh2, was
also reduced as a result of STAT3 reduction (Fig. 5A). FGF1-in-
duced EGR1 expression was reduced by 40% (Fig. 5B). PC12-
SH2B1� cells with reduced STAT3 levels significantly reduced
FGF1-induced neurite outgrowth and differentiation (Fig. 5C and
D). These results indicate that SH2B1�-mediated enhancement of
FGF1-induced neurite outgrowth and gene expression is STAT3
dependent.

SH2B1� regulates Cdh2 promoter activity through the
STAT3-Sp1 complex. N-cadherin is a Ca2�-dependent cell-cell
adhesion molecule that is expressed in the nervous system and
regulates neuronal development, cell migration, and differentia-
tion (76–78). During FGF1-induced neuronal differentiation, the
level of N-cadherin increased in PC12-SH2B1� cells (Fig. 6A,
right) but not in PC12-GFP control cells (Fig. 6A, left). The inhi-
bition of STAT3 activity by STA-21 dramatically reduced the lev-
els of FGF1-induced N-cadherin and growth-associated protein
43 (GAP-43; encoded by another STAT3 target gene) (Fig. 6B).
This finding suggests that the SH2B1�-mediated STAT3 tran-
scriptional complex regulates expression of N-cadherin. How-
ever, the Cdh2 promoter region does not have a predicted STAT3-
specific binding element. Instead, three Sp1-binding sites have
previously been implicated in the Cdh2 promoter region (79, 80).
Interestingly, STAT3 is able to regulate gene expression through
direct interaction with another transcription factor, Sp1 (81, 82).
Thus, it is possible that SH2B1� regulates STAT3-dependent
Cdh2 promoter activity through the binding of Sp1. To determine
whether SH2B1� and STAT3 regulate the promoter activity of
Cdh2, luciferase assays using the Cdh2 promoter fused to the lu-
ciferase gene were performed. Because of the high endogenous
level of STAT3 in PC12 cells, STAT3-null PC-3 cells were chosen
for this analysis (72, 83). PC-3 cells were transiently transfected
with the Cdh2 promoter construct together with SH2B1�, STAT3,
or Sp1. Our results showed that overexpressing SH2B1� alone did
not affect Cdh2 promoter activity in PC-3 cells (Fig. 6C, left). In
contrast, overexpression of STAT3 or Sp1 enhanced Cdh2 pro-
moter activity in PC-3 cells (Fig. 6C, middle and right). Coexpres-
sion of SH2B1� further increased STAT3-enhanced Cdh2 pro-
moter activity (Fig. 6D, left). On the contrary, coexpressing

FIG 6 SH2B1� regulates Cdh2 promoter activity through STAT3 and Sp1. (A) PC12-GFP and PC12-SH2B1� cells were treated with 100 ng/ml FGF1 for the
indicated number of days. Cell lysates were collected, and equal amounts of proteins were separated by SDS-PAGE and immunoblotted with anti-N-cadherin,
anti-GAPDH, and anti-�-tubulin antibodies. GAPDH or �-tubulin was used as a loading control. The level of N-cadherin was normalized to GADPH or
�-tubulin. Values of PC12-GFP cells are the means 
 standard deviations from two independent experiments, and values of PC12-SH2B1� cells are the means 

SEM from three independent experiments. (B) PC12-SH2B1� cells were preincubated with DMSO or STA-21 (20 	M) for 1 h and then were left untreated or
treated with 100 ng/ml FGF1 for 4 days. Cell lysates were analyzed by Western blotting using anti-N-cadherin and anti-GAP-43 antibodies. �-Tubulin was used
as a loading control. The level of N-cadherin was normalized to �-tubulin. Values are the means 
 SEM from three independent experiments. (C) PC-3 cells were
transiently transfected with SH2B1�, STAT3, or Sp1 together with Cdh2 promoter sequences fused to firefly luciferase and pEGFP. Cells were harvested 18 h later,
and luciferase activities were measured. Firefly luciferase activities were normalized to pEGFP levels. (D) PC-3 cells were transiently cotransfected with
SH2B1� 
 STAT3 (left), SH2B1� 
 Sp1 (middle), or STAT3 
 Sp1 (right), together with the Cdh2 promoter construct and pEGFP. Cells were harvested at 18 h,
and luciferase activities were analyzed as described for panel C. (E) PC-3 cells were transiently transfected with Sp1 along with vector control, STAT3, and
STAT3-C-FLAG (designated WT and C). Cell lysates were extracted and immunoprecipitated using anti-Sp1 antibody and analyzed by Western blotting using
antibodies against Sp1, STAT3, and N-cadherin. (F) PC-3 cells were transiently transfected with GFP or GFP-SH2B1� plasmid. Cell lysates were immunopre-
cipitated using anti-GFP antibody and analyzed by Western blotting using antibodies against SH2B1 and Sp1. (G) PC-3 cells were left untransfected or were
transiently transfected with STAT3 plus Cdh2 reporter constructs and pEGFP. Cells were treated with 0, 1, or 5 	M MMA for 18 h and then were harvested for
luciferase activity measurements. Firefly luciferase activities were normalized to pEGFP levels. Values in panels C, D, and G are means 
 SEM from three
independent experiments. *, P � 0.05 by paired Student’s t test.
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SH2B1� did not affect Sp1-mediated Cdh2 promoter activity (Fig.
6D, middle). Coexpression of STAT3, on the other hand, syner-
gistically increased Sp1-enhanced Cdh2 promoter activity (Fig.
6D, right). Consistent with these results, STAT3 was coimmuno-
precipitated with Sp1 (Fig. 6E), but Sp1 was not present in
SH2B1�-containing complexes (Fig. 6F). In addition, STAT3 is

likely to form a heterodimer with Sp1, because the constitutive
dimer form of STAT3 (STAT3-C mutant) did not bind to Sp1
(Fig. 6E). To verify that STAT3 regulates Cdh2 promoter activity
through Sp1, PC-3 cells were pretreated with the Sp1 inhibitor
MMA, and promoter activity of Cdh2 was determined. Inhibiting
Sp1 DNA binding with MMA treatment decreased STAT3-medi-

FIG 7 SH2B1� enhances in vivo STAT3-Sp1 occupancy at the Cdh2 and Egr1 promoter. (A) Diagram of the Cdh2 promoter region containing three Sp1-binding
sites. (B) PC12-GFP and PC12-SH2B1� cells were incubated in serum-free medium overnight before 100 ng/ml FGF1 treatment for 2 days. Cells were
cross-linked, followed by ChIP analysis using either anti-IgG or anti-STAT3 antibody for immunoprecipitation. The immunoprecipitated DNA was analyzed by
qPCR with specific primers flanking three Sp1-binding sites within the Cdh2 promoter. Values are the means 
 SEM from four independent experiments. (C)
Diagram of the Egr1 promoter region containing the STAT3-binding site or Sp1-binding sites. (D) PC12-GFP and PC12-SH2B1� cells were incubated in
serum-free medium overnight before 100 ng/ml FGF1 treatment for 1 h. Cells were cross-linked, followed by ChIP analysis using either anti-IgG or anti-STAT3
antibody for immunoprecipitation. The immunoprecipitated DNA was analyzed by qPCR with specific primers flanking the STAT3-binding site or Sp1-binding
site within the Egr1 promoter. Values are the means 
 SEM from three independent experiments. *, P � 0.05 by paired Student’s t test. (E) PC12-GFP and
PC12-SH2B1� cells were incubated in serum-free medium overnight before being left untreated or treated with 100 ng/ml FGF1 for 1 h. Primary mouse
anti-STAT3 and rabbit anti-Sp1 antibodies were combined with Duolink PLA mouse minus and PLA rabbit plus probes. Cells incubated with Duolink PLA
probes only served as the negative control. Images were taken using an LSM 780 confocal fluorescence microscope. The STAT3-Sp1 heterodimers were detected
as spots of PLA signal. Nuclear material was stained by DAPI. Scale bar, 5 	m. (F) Quantification of PLA spots counted by Blobfinder software and calculated
from two independent experiments. Values are means 
 standard deviations.
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ated Cdh2 promoter activity (Fig. 6G). These data suggest that
SH2B1� and STAT3 mediate Cdh2 promoter activity through the
binding of Sp1. Therefore, SH2B1� may promote transcriptional
activation of Cdh2 by promoting the binding of STAT3-Sp1 het-
erodimers to the promoter region of Cdh2.

Overexpression of SH2B1� enhances in vivo occupancy of
STAT3-Sp1 heterodimers at the promoter regions of Cdh2 and
Egr1. According to transcriptional factor binding prediction (84),
there are three Sp1-binding sites (�139/�132, �273/�263, and
�738/�732) at the promoter region of rat Cdh2 (Fig. 7A). To
determine in vivo occupancy of STAT3-Sp1 complexes at the pro-
moter region of Cdh2, chromatin immunoprecipitation (ChIP)
assays were performed. PC12-GFP and PC12-SH2B1� cells were
treated with FGF1 for 2 days, and STAT3-chromatin complexes
were immunoprecipitated by anti-STAT3 antibody. The relative
occupancy of STAT3-Sp1 complexes was determined via qPCR
with specific primers flanking each Sp1-binding site. In response
to FGF1, the in vivo occupancy of STAT3-Sp1 heterodimers at the
�139/�132 Sp1-binding site within the Cdh2 promoter was in-
creased 1.3-fold in PC12-GFP cells and 3.6-fold in PC12-SH2B1�
cells (Fig. 7B, left). This result is in line with our finding that FGF1
treatment increased N-cadherin levels in PC12-SH2B1� cells (Fig.
6A, right) but not so much in PC12-GFP cells (Fig. 6A, left). A
similar trend was found for the other two Sp1-binding sites at
�273/�263 and �738/�732 (Fig. 7B, middle and right), al-
though the relative occupancy of STAT3-Sp1 heterodimers was
much lower. These data suggest that SH2B1� enhances the in vivo
occupancy of STAT3-Sp1 heterodimers at the �139/�132 Sp1-
binding site of the Cdh2 promoter in response to FGF1 stimula-
tion.

At the promoter region of Egr1, there are two Sp1-binding sites
and a STAT3-binding site (Fig. 7C). To determine the in vivo
occupancy of STAT3 homodimers or STAT3-Sp1 complexes at
the promoter region of Egr1, ChIP assays were performed. In re-
sponse to FGF1, the in vivo occupancy of STAT3 at the STAT3-
binding site within the Egr1 promoter was increased 3.2-fold for
PC12-GFP cells and 1.3-fold for PC2-SH2B1� cells (Fig. 7D, left).
The recruitment of STAT3-Sp1 heterodimers at the Sp1-binding
site of the Egr1 promoter was 4.8-fold for PC12-GFP and 6.7-fold
for PC12-SH2B1� cells (Fig. 7D, right). These results suggest that
overexpression of SH2B1� orchestrates a switch from formation
of STAT3 homodimers to STAT3-Sp1 heterodimers to enhance
FGF1-induced Egr1 expression.

To visualize the in vivo interaction between STAT3 and Sp1,
Duolink in situ PLAs were performed. Similar to the results from
ChIP assays, the level of FGF1-induced formation of STAT3-Sp1
heterodimers in PC12-SH2B1� cells was higher than that in
PC12-GFP cells (Fig. 7E and F). Different from the ChIP experi-
ments, PLA assays report overall interaction between STAT3 and
Sp1 in cells that is not specific to certain promoter regions. The
different experimental approaches may explain why we do not see
a similar trend of increase in control PC12-GFP cells. Taken to-
gether, these results suggest that overexpression of SH2B1� in-
creases the formation of STAT3-Sp1 heterodimers to enhance the
expression of FGF1-induced Cdh2 and Egr1.

In this study, we present the first evidence showing that the
adaptor protein SH2B1� binds to the transcription factor STAT3
in various cell systems, including embryonic kidney cells (COS7),
prostate cancer cells (PC-3 cells), neuronal PC12 cells, and pri-
mary neurons. SH2B1� regulates the distribution and transcrip-

tional activation of STAT3 as well as the expression of EGR1 and
N-cadherin during FGF1-induced neuronal differentiation. The
mechanism by which SH2B1� enhances FGF1-induced EGR1 and
N-cadherin expression is by increasing the occupancy of STAT3-
Sp1 heterodimers at the promoters of Cdh2 and Egr1.

DISCUSSION

Following the discovery of SH2B1�’s nucleocytoplasmic shuttling
ability (25), SH2B1 has more recently been shown to regulate a
subset of NGF-responsive genes (26). No published report thus far
demonstrates its nuclear function. The nucleocytoplasmic shut-
tling of SH2B1 is required for the enhanced effect, because
SH2B1� lacking either NLS or NES cannot enhance FGF1-in-
duced gene expression and neurite outgrowth to the same extent
as SH2B1� (Fig. 3F and G). In this study, we present evidence
showing that SH2B1� binds to the transcription factor STAT3 to
enhance the expression of FGF1-induced EGR1 and N-cadherin
during neuronal differentiation. These results also reveal a novel
mechanism in which the formation of STAT3-Sp1 heterodimer
complexes contributes to FGF1-induced and SH2B1�-regulated
gene expression during neuronal differentiation. This study
clearly links signal activation to transcriptional regulation by
adaptor protein SH2B1�.

SH2B1�, as a signaling adaptor, was recruited to the cell sur-
face and bound to FGF receptor 1 (FGFR1) and FRS2 (Fig. 8A).
Interaction between SH2B1� and FGFR1 was increased in re-

FIG 8 SH2B1� interacts with FGFR1. (A) COS7 cells were transiently trans-
fected with rat FGFR1 and myc-SH2B1�. Cells were incubated in serum-free
medium overnight before being treated with 100 ng/ml FGF1 plus 10 	g/ml
heparin for the indicated times. Cell lysates were immunoprecipitated using
anti-myc antibody and resolved with SDS-PAGE, followed by immunoblot-
ting using antibodies against FGFR1, myc, phosphotyrosine (pY), and FRS2.
An asterisk indicates matching molecular sizes. (B) PC12-SH2B1� cells were
incubated in serum-free medium overnight before being treated with 100
ng/ml FGF1 for the indicated times. Cell lysates were immunoprecipitated
using anti-SH2B1 antibody and resolved with SDS-PAGE followed by immu-
noblotting using antibodies against SH2B1 and phosphotyrosine to determine
FGF1-induced tyrosine phosphorylation of SH2B1�.
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FIG 9 Schematic model of how SH2B1� enhances gene expression and neuronal differentiation through STAT3 (step 1). After FGF1 stimulation, SH2B1� and
STAT3 interact with FGFR1 (step 2). SH2B1� subsequently interacts with STAT3 (step 3) and transports STAT3 to the nucleus (step 4). SH2B1� and STAT3
dissociate, followed by the formation of STAT3-STAT3 dimers and/or STAT3-Sp1 heterodimers, both of which bind to the promoter regions of differentiation
genes, such as Egr1 (step 5) and Cdh2 (step 6). In a parallel pathway, phosphorylated STAT3 forms a homodimer and shuttles to the nucleus in response to FGF1
stimulation (step 7). SH2B1� may regulate a putative serine kinase (K) that phosphorylates STAT3. Solid line, known pathways or pathways identified in this
study; dashed line, putative steps.
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sponse to FGF1. As a result, SH2B1� was tyrosine phosphorylated
upon FGF1 stimulation (Fig. 8B). STAT3 can also bind to pFGFR1
(85). Thus, it is likely that FGF1-induced FGFR1 phosphorylation
recruits both SH2B1� and STAT3, allowing an interaction be-
tween SH2B1� and monomeric STAT3 to occur (Fig. 9, steps 1
and 2). SH2B1� then transports STAT3 to the nucleus (Fig. 9, step
3). Once SH2B1�-STAT3 complex enters the nucleus, nuclear Sp1
or STAT3 may compete for binding to STAT3 (Fig. 9, step 4).
STAT3 can now form either homodimers or heterodimers with
Sp1 and can bind to promoter regions of Egr1 and Cdh2 to regu-
late gene expression (Fig. 9, step 5). Consistent with this model,
the relative amounts of SH2B1�-STAT3 complexes increased af-
ter FGF1 stimulation (Fig. 3C). Although we cannot exclude the
contribution of the canonical pathway of STAT3 activation,
dimerization, and nuclear transport in this process (Fig. 9, steps 6
and 7), in response to FGF1, overexpression of SH2B1� increases
the in vivo occupancy of Sp1-STAT3 heterodimers at the pro-
moter of Egr1 and Cdh2 and induces higher levels of EGR1 and
N-cadherin (Fig. 7). Consistent with our results, accumulating
evidence suggests that STAT3 and Sp1 cooperatively regulate gene
expression through neighboring Sp1 and STAT3 binding sites or
through the Sp1 binding site alone (81, 82, 86, 87). pSTAT3(S727)
specifically interacts with Sp1 (82). The reason that STAT3-Sp1
heterodimer is more efficient in turning on Egr1 than STAT3 ho-
modimers could simply be that there are two Sp1-binding sites in
the Egr1 promoter, whereas there is only one STAT3-binding site.
Although FGF1-induced increase of STAT3-Sp1 complexes at the
promoter regions of Egr1 and Cdh2 was not statistically significant
in control PC12-GFP cells, there was a similar trend of increase
(Fig. 7B and D). It is possible that when the endogenous SH2B1
level is increased during a later stage of differentiation, the binding
of STAT3-Sp1 complexes at the promoter regions of FGF1-re-
sponsive genes is significantly increased. At resting state, SH2B1�
overexpression increases the in vivo occupancy of STAT3 at the
STAT3-binding site within the Egr1 promoter, which is consistent
with higher pSTAT3(S727) levels in PC12-SH2B1� cells. None-
theless, this increased occupancy of STAT3 at the promoter region
of Egr1 is not sufficient to drive the initiation of transcription. It is
likely that appropriate epigenetic modification in response to dif-
ferentiation signal is also needed for the initiation of transcription.

Taken together, these findings provide an important insight
into how interaction between SH2B1� and STAT3 regulates the
expression of neuronal differentiation genes. Most importantly,
our results reveal a central role for SH2B1� in regulating tran-
scriptional activation of STAT3 target genes during neuronal dif-
ferentiation.
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