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Vascular endothelial cells are continuously exposed to mechanical
and chemical stimuli, such as shear stress and VEGF, respectively.
It is still not clear how cells perceive these stimuli and orchestrate
their responses. Studying the molecular mechanism by which shear
stress and VEGF regulate the signaling pathways in bovine endo-
thelial aortic cells, we found that VEGF induced a rapid association
of VEGF receptor 2 (Flk-1) with Nck�, but shear stress did not have
such an effect. SU1498 (a specific inhibitor of Flk-1) and Nck�nm (a
negative mutant of Nck�) blocked the VEGF-induced ERK and JNK
activities. Only SU1498, but not Nck�nm, inhibited the shear-
induced ERK activity. Furthermore, neither SU1498 nor Nck�nm had
significant effects on the shear-induced JNK activity, which can be
blocked by inhibitors of Src family kinase and ROCK kinase.
Therefore, mechanical (shear stress) and chemical (VEGF) stimuli
diverge at the receptor Flk-1 in terms of the recruitment of the
adapter protein Nck�, and they employ different components of
the complex signaling network in regulating downstream mole-
cules, e.g., ERK and JNK.
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Vascular endothelial cells (ECs) are continuously exposed to
mechanical (e.g., shear stress) and chemical (e.g., VEGF)

stimuli, which are important modulators of vascular cell func-
tions in physiological and pathophysiological conditions. Shear
stress, as the tangential component of hemodynamic force, has
been demonstrated to be involved in atherogenesis (1, 2),
whereas VEGF is recognized as the key regulator of angiogen-
esis and vascular permeability (3). In vitro studies have shown
that both shear stress and VEGF activate similar signaling
molecules, including membrane receptors (integrins and VEGF
receptor 2) and downstream molecules (ERK and JNK) (4–7).
There is increasing evidence that proteins associate into a
complex network and that signaling inside the cell involves
convergent and divergent pathways in response to differential
stimuli to result in integrated cellular functions. It still remains
unclear as to the molecular mechanisms by which cells convert
these mechanical or chemical stimuli into biological signaling
and orchestrate these signaling pathways to elicit a fine-tuned
signaling network, which ultimately leads to appropriate cellular
functions.

VEGF receptor 2 (Flk-1) belongs to the receptor tyrosine
kinase family and is a major receptor mediating most of the
functional signaling pathways in response to VEGF (8). On its
activation, Flk-1 has been reported to associate with a number
of adapter proteins that contain src homology 2 (SH2) domain,
including Grb2, Nck, phosphatidylinositol 3-kinase, and Shc (8,
9). Nck�, an adapter protein consisting of three N-terminal
juxtaposed SH3 domains and a C-terminal SH2 domain, is
homologous to Nck (10). The SH2 domain in Nck� is well
documented to associate with tyrosine-phosphorylated sites and
has been reported to bind a variety of receptor tyrosine kinases,
including EGF receptor and PDGF receptor (10). The presence
of three distinct SH3 domains suggests the capability of Nck� to
associate with multiple proteins containing proline-rich domain.
Indeed, the p21-activated kinase (PAK) has been reported to

constitutively associate with Nck� (11). Therefore, by binding to
receptor tyrosine kinases, Nck� may serve as the docking protein
bringing PAK to the cell membrane, where it can be exposed to
its upstream activators, including the Rho family members Cdc42
and Rac1. The activated PAK can ultimately induce the JNK
activation (12). The SH3 domains of Nck� have also been shown
to bind a guanine exchange factor Sos (11), which could further
activate Ras and ERK (13).

Both shear stress and VEGF have been reported to induce the
tyrosine phosphorylation of Flk-1 (14) and the activation of JNK
and ERK (5, 15, 16). However, it remains unclear whether and
how Flk-1 and its associated adaptor proteins, e.g., Nck�, are
involved in regulating JNK and ERK. In this study, we demon-
strated that VEGF, but not shear stress, induced the association
of Flk-1 and Nck�. The inhibition of either Flk-1 or Nck�
blocked the JNK and ERK activations in response to VEGF. In
the case of shear stress, however, ERK activation is mediated by
only Flk-1 but not Nck�, and JNK activation is mediated by
neither. Therefore, mechanical (shear stress) and chemical
(VEGF) stimuli may distinctively regulate the membrane recep-
tor Flk-1 in its association with adapter proteins to differentially
regulate downstream signaling events and cellular functions.
Because ECs are exposed to both VEGF and shear stress, our
results shed light on the molecular mechanism by which ECs
perceive different chemical/physical cues and coordinate signal-
ing pathways to regulate physiological processes, e.g., angiogen-
esis and vascular remodeling.

Results
VEGF, but Not Shear Stress, Induced the Flk-1�Nck� Association.
VEGF induced a maximal tyrosine phosphorylation of Flk-1 and
its association with adapter protein Nck at 5 min (9, 14). A
recently identified protein, Nck�, has been shown to be homol-
ogous to Nck in structure and have similar functions as Nck,
including the binding to EGF receptor, PDGF receptor, Grb2,
and PAK (10, 11). We examined whether Flk-1 can also associate
with Nck� in response to VEGF, as in the case for Nck. Bovine
aortic endothelial cells (BAECs) were challenged with VEGF or
kept as static control for 5 min. Cell lysates were immunopre-
cipitated with an anti-Nck� antibody, followed by immunoblot-
ting with anti-Flk-1 antibodies. As shown in Fig. 1A, VEGF

Author contributions: Y.W., S.L., J.Y.-S.L., and S.C. designed research; Y.W., J.C., K.-D.C., and
J.Y.-S.L. performed research; C.W. contributed new reagents/analytic tools; Y.W., J.C.,
K.-D.C., S.L., J.Y.-S.L., and S.C. analyzed data; and Y.W. and S.C. wrote the paper.

The authors declare no conflict of interest.

Abbreviations: EC, endothelial cell; Flk-1, VEGF receptor 2; SH2, src homology 2; PAK,
p21-activated kinase; BAEC, bovine aortic endothelial cell; Nck�nm, negative mutant of
Nck�; ROCK, Rho-associated kinase; MLCK, myosin light chain kinase; IP, immunoprecipi-
tation; IB, immunoblotting; MBP, myelin basic protein.

†Present address: Department of Bioengineering, University of Illinois, Urbana–
Champaign, Urbana, IL 61801.

‡Present address: Department of Bioengineering, University of California,
Berkeley, CA 94720.

¶To whom correspondence should be addressed at: Department of Bioengineering, Uni-
versity of California at San Diego, La Jolla, CA 92093-0427. E-mail: shuchien@ucsd.edu.

© 2007 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0703088104 PNAS � May 22, 2007 � vol. 104 � no. 21 � 8875–8879

CE
LL

BI
O

LO
G

Y



induced the Flk-1�Nck� association. We further examined
whether shear stress, as a mechanical stimulation, can also
induce the Flk-1�Nck� association. Contrary to VEGF, shear
stress (up to 60 min) did not cause any detectable induction of
the Flk-1�Nck� association (Fig. 1B). These results suggest that
mechanical stimulation may induce Flk-1 in a way that is
mechanistically different from that of VEGF.

Flk-1 and Nck� Mediate the VEGF-Induced ERK Activation. VEGF is
known to induce Flk-1 and ERK activation (8, 17). Because
VEGF can induce the Flk-1�Nck� association, we tested the
possibility that Flk-1 and Nck� may mediate the VEGF-induced
ERK activation. To examine the effect of Flk-1 in the VEGF-
induced ERK activation, BAECs were treated with SU1498 (a
specific inhibitor of Flk-1) to inhibit the Flk-1 activation before
they were challenged with VEGF. As shown in Fig. 2A, SU1498
blocked the VEGF-induced phosphorylation of ERK. To study
the role of Nck� in regulating the VEGF-activated ERK,
Myc-ERK2 was cotransfected with PCDNA3 or negative mutant
of Nck� (Nck�nm) into BAECs. To assess ERK activity in the
transfected cells, Myc-ERK2 was immunoprecipitated by an
anti-Myc antibody and subjected to kinase assay. Kinase assay
revealed that Nck�nm abolished the VEGF-induced ERK acti-
vation (Fig. 2B). These results suggest that both Flk-1 and Nck�
are involved in the regulation of the VEGF-induced ERK
activation.

Flk-1 and Nck� Mediate the VEGF-Activated JNK. VEGF has been
reported to induce JNK activation (6). In addition, Nck� can
bind to PAK, which has been shown to play an important role in
regulating JNK activation (18). We therefore examined whether
Flk-1 and Nck� mediate the VEGF-induced JNK activation. As
shown in Fig. 3A, the inhibition of Flk-1 by SU1498 blocked the
VEGF-induced JNK activity. HA-JNK1 was further cotrans-
fected with PCDNA3 or Nck�nm to assess the role of Nck� in
regulating the VEGF-activated JNK. The expression of Nck�nm
blocked the VEGF-induced JNK activation (Fig. 3B), suggesting
that both Flk-1 and Nck� are essential for the VEGF-induced
JNK activation.

Flk-1, but Not Nck�, Is Essential for the Shear-Activated ERK. Shear
stress has been proven to activate ERK activation in a variety of
cell types (19, 20). To examine the effect of Flk-1 in the

shear-induced ERK activation, BAECs were pretreated with
SU1498 to inhibit Flk-1 before shear stress application. As shown
in Fig. 4A, SU1498 significantly inhibited the shear-induced
ERK phosphorylation. However, kinase assay revealed that
Nck�nm did not block the shear-induced ERK activation (Fig.
4B). In contrast, the negative mutant of Cbl (Cblnm) blocked the
shear-activated ERK (Fig. 4C), consistent with our previous
finding that Cbl associates with Flk-1 on shear stress application
(21). Therefore, whereas VEGF regulates ERK via Flk-1 and
Nck�, the shear-induced ERK depends on Flk-1 and Cbl, but not
on Nck�.

Neither Flk-1 nor Nck� Is Essential for the Shear-Activated JNK. We
then examined whether Flk-1 and Nck� are involved in the
shear-induced JNK activation. As shown in Fig. 5 A and B,
neither SU1498 nor Nck�nm had any significant effect on the
shear-induced JNK activity. Further experiments indicate that
the inhibition of Src kinase by PP2 and of Rho-associated kinase
(ROCK) kinase by Y27632, but not of myosin light chain kinase
(MLCK) by ML7, blocked the shear-induced JNK activation.
PP2, Y27632, or ML7 did not cause a significant change of the
basal JNK activity before shearing (data not shown). Therefore,
whereas VEGF regulates JNK via Flk-1 and Nck�, our results

Fig. 1. VEGF, but not shear stress, induced the Flk-1�Nck� association. BAECs
were subjected to (A) VEGF (10 ng/ml) for 5 min or (B) shear stress (12 dyn/cm2)
for various time periods as indicated or kept as static control (time 0). The cell
lysates were subjected to IP with an anti-Nck� antibody, followed by IB with
an anti-Flk-1 antibody (Upper) (arrow, Flk-1) or an anti-Nck� antibody (Lower)
(arrow, Nck�). The results are representative of three separate experiments.

Fig. 2. Flk-1 and Nck� mediate the VEGF-induced ERK activation. (A) BAECs
were treated with 0.1% DMSO (the solvent of SU1498) as control or 5 �M
SU1498 for 1 h. (B) Myc-ERK2 was cotransfected with control vector PCDNA3
or Flag-Nck�nm into BAECs. These cells were then subjected to VEGF (10 ng/ml)
for 15 min or kept under static incubation. (A) The upper gel band shows the
phosphorylated ERK levels, and the lower gel band represents the loaded ERK
proteins under different conditions as indicated. (B) The cell lysates were
immunoprecipitated with anti-Myc antibodies for immunocomplex kinase
assays by using myelin basic protein (MBP) as the substrate. The upper gel band
is phosphorylated MBP, which indicates the level of ERK activation, and the
lower gel band shows IB with an anti-Myc antibody to indicate that the levels
of the expressed exogenous Myc-tagged ERK proteins were comparable
among the various samples. The bar graphs are the results of densitometry
analysis showing mean � SEM from three separate experiments. The asterisks
indicate significant differences (P � 0.05) between the SU1498-treated sample
and DMSO control after VEGF activation in A and between cells transfected
with PCDNA3 and Nck�nm after VEGF activation in B.
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indicate that the shear-induced JNK relies on other signaling
pathways independent of Flk-1, e.g., Src and ROCK kinases.

Discussion
Both VEGF and shear stress induced Flk-1 phosphorylation, but
only VEGF induces Flk-1�Nck� association (Fig. 1). This distinct
effect of VEGF from shear stress may be attributed to their
different mechanisms in activating Flk-1. VEGF, as a growth
factor, has been shown to form dimers by linking the monomers
through disulfide bridges in a ‘‘head-to-tail’’ fashion. This spatial
arrangement of VEGF dimer can bring two Flk-1 monomers
together to form a homodimer of Flk-1. This ligand-stimulated
receptor dimerization of Flk-1 can cause the autotyrosine phos-
phorylation of the intracellular kinase domain of Flk-1 (8). These
tyrosine phosphorylation sites, with their appropriate context of
neighboring amino acids, may turn on the catalytic activity of
Flk-1, as well as creating potential binding sites for adapter
proteins that contain SH2 domain, e.g., Nck� and Shc (9). The
detailed mechanism by which shear stress induces the tyrosine
phosphorylation of Flk-1, however, remains unclear. It has been
postulated that shear stress imposes its effect on the cytoskeletal
network to regulate cellular functions (22). The resultant cy-
toskeletal deformation may help to put the kinases and their
substrates into juxtapositions, thus altering the three-
dimensional conformation of signaling molecules to activate the
downstream signaling pathways. It is possible that this ligand-
independent phosphorylation of Flk-1 in response to shear stress
may result from the conformational change of Flk-1 as well as the

binding of tyrosine kinases that can phosphorylate Flk-1, such as
Src. Therefore, the differences in the activation mechanisms and
resultant conformations of Flk-1 in response to mechanical
(shear stress) or chemical (VEGF) stimuli may explain the fact
that, whereas both types of stimuli induced the tyrosine phos-
phorylation of Flk-1 (9, 14), only VEGF was able to enhance the
Flk-1�Nck� association. This difference in the state of associa-
tion of Flk-1 with adapter proteins in response to VEGF and
shear stress may lead to the variations in signaling cascades and
the ultimate cellular functions. Further studies on the phosphor-
ylation of Flk-1 by VEGF and shear stress at subcellular levels
may also help to determine whether differential phosphorylation
is responsible for the recruitment of Nck�.

VEGF is a strong activator of ERK (23). The activation of
Flk-1 induced by VEGF may result in the activation of the
guanine exchange factor Sos through Nck� and other adaptor
proteins (13). Sos has been known to stimulate Ras, which
subsequently activates its downstream signaling molecules
MEK1 and ERK (24). Hence, the recruitment of Nck� by Flk-1
may serve as an important step in the VEGF-regulated ERK
activation. VEGF is also an important growth factor that can
promote EC proliferation involving JNK (25). In addition to the
fact that JNK participates in cellular proliferation via the tran-
scriptional factor AP-1 (26), recent studies indicate that JNK is
indeed an important effecter of VEGF to stimulate cyclin D1
synthesis and EC proliferation (6). The detailed mechanism by
which VEGF challenge leads to JNK activation is, however, not

Fig. 3. Flk-1 and Nck� mediate the VEGF activation of JNK. (A) BAECs were
treated with 0.1% DMSO (the solvent of SU1498) as control or 5 �M SU1498
for 1 h. (B) HA-JNK1 was cotransfected with the control vector PCDNA3 or
Flag-Nck�nm into BAECs. These cells were then subjected to VEGF (10 ng/ml)
for 15 min or kept under static incubation. The cell lysates were immunopre-
cipitated with anti-JNK1 antibodies (A) or anti-HA antibodies (B) for immu-
nocomplex kinase assays by using Gst-c-Jun as the substrate. The upper gel
bands are phosphorylated Gst-c-Jun, which indicates the level of JNK activa-
tion, and the bottom gel bands show IB with an anti-JNK1 (A) or anti-HA
antibody (B) to indicate that the levels of the loaded protein (A) or the
expressed exogenous HA-tagged proteins (B) were comparable among the
various samples. The bar graphs and asterisks are the same as in Fig. 2.

Fig. 4. Flk-1, but not Nck�, is essential for the shear-activated ERK. (A) BAECs
were treated with 0.1% DMSO (the solvent of SU1498) as control or 5 �M
SU1498 for 1 h. (B and C) Myc-ERK2 was cotransfected into BAECs with control
vector PCDNA3 or Flag-Nck�nm (B) or HA-Cblnm (C). These cells were then
subjected to shear stress (12 dyn/cm2) for 10 min or kept under static incuba-
tion. (A) The upper gel band shows the phosphorylated ERK levels, and the
lower gel band represents the loaded ERK proteins under different conditions
as indicated. (B and C) The cell lysates were immunoprecipitated with anti-Myc
antibodies for immunocomplex kinase assays by using MBP as the substrate.
The upper gel bands are phosphorylated MBP, which indicates the level of ERK
activation, and the bottom gel bands show IB with an anti-Myc antibody to
indicate that the levels of the expressed exogenous Myc-tagged ERK proteins
were comparable among the various samples. The bar graphs are the results
of densitometry analysis showing mean � SEM from three separate experi-
ments. The asterisks indicate significant differences (P � 0.05) between the
various samples and static controls.
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well defined. Whereas RAFTK (related adhesion focal tyrosine
kinase) has been suggested to be involved in the VEGF-induced
JNK activation (27, 28), the cross-talk between ERK and JNK
appears to underlie the VEGF-induced signaling transduction,
with ERK serving as the upstream molecule to JNK (6). In our
study, both Flk-1 and Nck� are essential for the VEGF-induced
JNK (Fig. 3). Given that the SH2 domain of Nck� may recruit
PAK through its proline-rich domain and that PAK is well
documented to enact JNK activation (12, 18), we hypothesize
that the Flk-1�Nck� association in response to VEGF may recruit
PAK to regulate JNK activation. Therefore, VEGF may induce
the Flk-1�Nck� association and subsequently regulate ERK
through Sos and JNK via PAK.

A myriad of signaling molecules have been reported to
mediate the shear-induced ERK, including integrins (29),
PECAM-1 (30), FAK (5), Src (31), Caveolae (32), and PKC-�
(33). Flk-1 is also essential for the shear-induced ERK activation
(Fig. 4A). It is possible that Flk-1 can interact with other
signaling molecules, e.g., integrins, PECAM-1, or Src, in regu-
lating ERK activation. In fact, integrins have been shown to
interact with and regulate Flk-1 (21), and PECAM-1 has been
shown to form a complex with Flk-1 in regulating NF-�B and
downstream inflammatory genes in response to shear stress (34).
It will be interesting to examine whether Flk-1 also interacts with
integrins or PECAM-1 in regulating the shear activation of ERK.
In contrast to the action of VEGF, shear-induced ERK activa-
tion depends on Cbl, but not Nck� (Fig. 4 B and C), which is
consistent with the finding that Cbl, but not Nck�, associates

with Flk-1 on shear application (Fig. 1B) (21). For the shear-
induced JNK activation, neither Flk-1 nor Nck� is involved (Fig.
5 A and B). It has previously been shown that the cytoskeleton
integrity and its related signaling molecules, e.g., Rho small
GTPases and phosphatidylinositol 3-kinase, are essential for this
shear-induced JNK (5, 35–38). Consistently, our results also
indicate that Src and ROCK kinases, which are known to
regulate cytoskeletal network (39), mediate the shear-induced
JNK activation (Fig. 5C). It is interesting to note that the
inhibition of MLCK, which is a downstream effecter of ROCK
kinase and a known regulator of myosin phosphorylation and
actomyosin contractility (40), did not block the shear-induced
JNK activity (Fig. 5C). It is possible that an alternative signaling
pathway other than MLCK mediates the action of ROCK on
JNK in response to shear stress. In fact, ROCK has been shown
to directly phosphorylate MLC (myosin light chain) when MLCK
is inhibited (41). Therefore, the shear-induced JNK activation
may be dependent on signaling molecules related to cytoskeletal
functions, but not on Flk-1 or Nck�. Src and ROCK are also
involved in the VEGF-induced signaling transduction (42, 43). It
will be interesting to examine in the future whether Src, ROCK,
and Nck� form a coordinated network in regulating downstream
molecules in response to VEGF.

In conclusion, our results suggest that mechanical (ligand-
independent: shear stress) and chemical (ligand-dependent:
VEGF) stimuli, by inducing the selective associations of Flk-1
with different adapter proteins, diverge at the membrane recep-
tor Flk-1 in regulating ERK activation. Our results also indicate
that these two types of stimuli activate JNK through different
molecular mechanisms (Fig. 6). These results highlight the
complexity of cell signaling transduction in response to external
cues and the importance of the system biology approach to
investigate the molecular mechanism regulating pathophysiolog-
ical processes.

Materials and Methods
Cell Culture. Cell culture reagents were obtained from GIBCO/
BRL (Grand Island, NY). BAECs were isolated from bovine
aorta with collagenase and cultured in a humidified 95% air/
5% CO2 incubator at 37°C. The culture medium was DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 1 unit/ml
penicillin, 100 �g/ml streptomycin, and 1 mM sodium pyruvate.
All experiments were conducted with BAEC cultures before
passage 10.

Fig. 5. Neither Flk-1 nor Nck� is essential for the shear activation of JNK. (A)
BAECs were treated with 0.1% DMSO (the solvent of SU1498) as control or 5
�M SU1498 for 1 h. (B) HA-JNK1 was cotransfected with the control vector
PCDNA3 or Flag-Nck�nm into BAECs. (C) BAECs were treated with 0.1% DMSO,
10 �M PP2, 5 �M ML7, or 10 �M Y27632 for 1 h. The treated cells were then
subjected to shear stress (12 dyn/cm2) for 30 min or kept under static incuba-
tion. The cell lysates were immunoprecipitated with anti-JNK1 antibodies (A
and C) or anti-HA antibodies (B) for immunocomplex kinase assays by using
Gst-c-Jun as the substrate. The upper gel bands are phosphorylated Gst-c-Jun,
which indicates the level of JNK activation, and the bottom gel bands show IB
with anti-JNK1 (A and C) or anti-HA (B) antibodies to indicate that the levels
of the loaded protein (A and C) or the expressed exogenous HA-tagged JNK
proteins (B) were comparable among the various samples. The bar graphs and
asterisks are the same as in Fig. 4.

Fig. 6. A proposed model showing the selective recruitment of adaptor
proteins by Flk-1 and the differential signaling pathways regulating ERK and
JNK in response to VEGF and shear stress. VEGF induces the Flk-1�Nck� asso-
ciation to regulate ERK and JNK activation (broken arrows), whereas shear
stress regulates ERK through Flk-1 and Cbl, but activates JNK through Src and
ROCK (solid arrows) independent of Flk-1. The dashed arrows represent
possible actions of VEGF on Src and ROCK.
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Shear Stress and VEGF Treatment. A flow system was used to
impose shear stress on the cultured ECs (44). In all experiments,
BAECs were incubated for 12 h in 0.5% serum and for a
subsequent 2 h in serum-free medium before they were subjected
to shear stress (12 dyne/cm2) (1 dyne � 10 �N) or VEGF
(10 ng/ml).

Inhibitors, DNA Plasmids, and Transient Transfection. SU1498 (5 �M)
and Y27632 (10 �M), inhibitors of Flk-1 and ROCK, respectively,
were purchased from Calbiochem (La Jolla, CA). PP2 (10 �M) and
ML7 (5 �M), inhibitors of Src family kinase and MLCK, respec-
tively, were from Sigma–Aldrich (St. Louis, MO). The HA-tagged
plasmid-containing JNK1 (HA-JNK1), the Myc-tagged plasmid-
containing ERK2 (Myc-ERK2), and the HA-tagged Cblnm, in
which the main tyrosine sites 700, 731, and 774 responsible for
phosphorylation have been mutated to phenylalanine, were de-
scribed previously (5, 45). The first and second N-terminal SH3
domains of Nck� were deleted to generate the Flag-tagged Nck�nm
(10). The various plasmids were transfected into BAECs at 80%
confluence by using the lipofectamine method as described by the
vendor (GIBCO/BRL).

Immunoprecipitation (IP) and Immunoblotting (IB). The antibodies
used for IP and IB were polyclonal anti-Nck� (Upstate Biotech-
nology, Lake Placid, NY), anti-Cbl, anti-Flk-1, anti-JNK1, anti-
HA, and anti-Myc antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA), monoclonal anti-phospho-ERK, polyclonal anti-
ERK antibodies (Cell Signaling Technology, Beverly, MA). For
IP, the cells were lysed in a buffer containing 25 mM Tris�HCl

(pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 5 mM
NaF, 1 mM Na3VO4, 1 mM PMSF, and 10 �g/ml leupeptin. The
lysate was centrifuged, and the supernatant was immunoprecipi-
tated with appropriate antibodies and protein A-Sepharose
beads (Amersham Biosciences, Piscataway, NJ) at 4°C overnight.
The immunoprecipitated complexes were washed and used for
either kinase activity assays or IB. For IB, proteins separated on
the SDS/PAGE were transferred to a nitrocellulose membrane.
The membrane was then blocked with 5% BSA, followed by
incubation with the primary antibody. The bound primary
antibodies were detected by using a goat anti-rabbit IgG-
horseradish peroxidase conjugate (Santa Cruz Biotechnology)
and the ECL detection system (Amersham Biosciences).

Kinase Activity Assay. Endogenous JNK1, exogenous HA-JNK1 or
Myc-ERK2, was immunoprecipitated from the cell lysate by
using protein A-Sepharose beads and anti-JNK1, anti-HA, or
anti-Myc antibodies, respectively. The immunocomplex was re-
suspended in the buffer containing [�-32P]ATP and GST-c-Jun
or MBP as the substrate for JNK or ERK, respectively. The
kinase reaction mixture was resolved on SDS/PAGE after incu-
bation at 30°C for 30 min, and the phosphorylated GST-c-Jun or
MBP was detected by autoradiography.
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