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Nitric oxide (NO) plays a pivotal role in tumorigenesis, par-
ticularlywith relation to cancer cell invasion andmetastasis.NO
can reversibly couple to cysteine thiols to form an S-nitroso-
thiol, which regulates the enzymatic activities of target proteins.
c-Src is a tyrosine kinase that promotes cancer cell invasion and
metastasis. Interestingly, c-Src can be activated by NO stimula-
tion. However, mechanisms by which NO stimulates Src kinase
activity have not been elucidated. We report here that NO
causes S-nitrosylation of c-Src at cysteine 498 (Cys498) to stim-
ulate its kinase activity. Cys498 is conserved among Src family
kinases, and Cys506 of c-Yes, which corresponds to Cys498 of
c-Src, was also important for the NO-mediated activation of
c-Yes. Estrogensmaywork synergisticallywithNO to induce the
proliferation andmigration ofmany kinds of breast cancer cells.
For example, �-estradiol induces the expression of endothelial
nitric synthase and production of NO in MCF7 cells. We found
that activation of c-Src inMCF7 cells by�-estradiol stimulation
was mediated by the S-nitrosylation of Cys498. In addition, we
report that disruption of E-cadherin junctions and enhance-
ment of cell invasionby�-estradiol stimulationwasmediatedby
NO-dependent activation of c-Src. These results identify a novel
signaling pathway that linksNOandSrc family kinases to cancer
cell invasion and metastasis.

Nitric oxide (NO) is a free radical gas that regulates numer-
ous biological processes such as neurotransmission, vasodilata-
tion, and macrophage-mediated immunity. NO can react with
superoxide to produce secondary intermediates such as per-
oxynitrite and nitrogen dioxide, which have cytotoxic effects
and post-translational modification of proteins (1). NO is syn-
thesized from L-arginine by three major isoforms of NO syn-
thase (NOS)3: endothelial NOS (eNOS), neuronal NOS, and
inducible NOS (2). Numerous biological processes described
for NO results from binding of NO to the heme iron of guany-

late cyclase, which results in an increase of cGMP production
and activation of downstream signaling pathways.NOalso con-
tributes to cell signaling by inducing post-translational modifi-
cations of proteins. S-Nitrosylation is the reversible coupling of
NOmoiety to a reactive cysteine thiol to form an S-nitrosothiol
(3, 4). Accumulating evidence has shown that S-nitrosylation is
an important post-translational modification that regulates a
large variety of cellular functions and signaling events including
tumorigenesis (5). Many proteins have been reported to be
S-nitrosylated, and it is becoming evident that S-nitrosylation is
one of the major mechanisms to convey NO-based cell signals
(6).
c-Src is a non-receptor tyrosine kinase that plays pivotal roles

in numerous cellular processes such as proliferation,migration,
and transformation. c-Src consists of distinct functional re-
gions (7). The N-terminal region is unique with low conserva-
tion through Src family kinases and contains a myristoylation
signal (8, 9). Following this region are SH3 and SH2 domains,
which are protein binding domains and play important roles for
cell signals (10, 11). Catalytic domain is responsible for tyrosine
kinase activity and is linked to a short C-terminal tail with a
regulatory tyrosine residue (Tyr527) (12). Upon phosphoryla-
tion of Tyr527, the regulatory tail interacts with the SH2
domain, causing a closed conformation that inactivates the
kinase (13). Dephosphorylation of Tyr527 disrupts the in-
tramolecular interaction, which enables SH2 and SH3
domains to interact with downstream proteins and catalytic
domain with substrates (14). Autophosphorylation of Tyr416
located in the catalytic domain is also required for the full
activation of the kinase (15). v-Src is a viral protein encoded
by the avian oncogene of Rous sarcoma virus, which is
deleted of the C-terminal regulatory region of c-Src and thus
is constitutively active and able to transform cells. In addi-
tion to the phosphorylation-based regulation of c-Src, recent
studies have indicated a possible role of cysteine modifica-
tion for the regulation of the kinase (16, 17). Our previous
studies have indicated the importance of cysteine residues
located in the C terminus of the catalytic domain (18, 19).
Four cysteines, namely Cys483, Cys487, Cys496, and Cys498 are
clustered in the C terminus of c-Src, which we referred to as
the cysteine-clustered motif (CC motif) (20). Substitution of
these cysteine residues rendered the kinase refractory to the
inactivation by SH-alkylating agents and the activation by
mercuric ions that have high affinity for thiols of cysteines
(19–21). Recent studies have also indicated that cysteine
oxidation of c-Src is important for the regulation of the
kinase after integrin-mediated cell adhesion (17).
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We have previously reported the activation of c-Src by NO
stimulation through cysteine modification (22). In this
report, we further studied the mechanism of NO-mediated
activation of c-Src and demonstrated that S-nitrosylation of
Cys498 is important for the activation of the kinase. Further-
more, we show that c-Src activation by �-estradiol stimula-
tion was dependent on the production of NO, which was
critical for the disruption of cell-cell contact and induction
of cell invasion.

MATERIALS AND METHODS

Cells, Chemicals, and Antibodies—SYF, SYF/WT, and SYF/
C498A cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% of fetal bovine serum. MCF7
cells were propagated in Dulbecco’s modified Eagle’s medium
supplemented with 10% of fetal bovine serum and 0.01 mg/ml
of insulin. SNAP was obtained from Cayman Chemicals (Ann
Arbor, MI). Other reagents were obtained from the following
manufacturers: �-estrogen, S-methyl methanethiosulfonate
(MMTS), biotin HRP, PP2, and L-NMMA (Funakoshi, Tokyo,
Japan); HRP-conjugated streptavidin (Takara, Tokyo, Japan);
streptavidin-agarose beads (Sigma); Micro Bio-Spin 6 column
(Bio-Rad); nickel-nitrilotriacetic acid (Ni-NTA; Qiagen). Anti-
Srcmonoclonal antibody,monoclonal antibody 327, was kindly
provided by Dr. J. S. Brugge. Anti-phospho-Src (Tyr416), anti-
phospho-FAK (Tyr397), and anti-phospho-FAK (Tyr925) anti-
bodies were purchased from Cell Signal Technologies (Tokyo,
Japan). Anti-FAK and anti-eNOS were obtained from BD
Biosciences.
Construction of Mutant c-Src—Full-length avian c-src was

amplified by PCR and then ligated into pcDNA3.1 vector
(Invitrogen) between BamHI and EcoRI sites. Substitution of
amino acids was performed as described previously (18), and
each mutation was confirmed by sequencing.
Immunoblot—Samples were electrophoresed on SDS-

polyacrylamide gels and transferred to the polyvinylidene
difluoride membrane (Immobilon, Millipore, Billerica, MA).
The membrane was blocked with 1% skim milk for 1 h, incu-
bated with primary antibodies for 1 h, washed with TBS-T
for 15 min, and incubated with HRP-labeled secondary anti-
bodies for 1 h. Signals were detected with the ECL system
(Nakalai, Tokyo, Japan). Signal intensities were measured
using Light Capture II equipped with CS analyzer (ATTO
Corp., Tokyo, Japan).
Detection of S-Nitrosylated c-Src—Biotin switch technique

(BST) was performed to detect S-nitrosylation of c-Src as
described previously (23). To detect S-nitrosylation of c-Src
in cells after SNAP treatment, cells were cultured without
serum for 2 h, treated with SNAP for 90 min, and then lysed
with HEN buffer (250 mM HEPES, 1 mM EDTA, 0.1 mM neo-
cuproine, pH 7.7). Cell debris was removed by centrifuga-
tion, and SDS and MMTS were added to the final concentra-
tions of 2.5 and 0.1%, respectively. Following frequent vortex
and incubation at 50 °C for 30 min, lysates were precipitated
with 3 volumes of acetone at �20 °C for 1 h. Proteins were
centrifuged at 15,000 rpm for 20 min, and the pellets were
suspended in 250 �l of HEN buffer with 1% SDS. Samples
were further incubated with 0.4 mM biotin-HPDP in the

presence or absence of 5 mM ascorbate for 1 h in the dark.
After acetone precipitation, proteins were resuspended in
250 �l of HEN buffer with 1% SDS, followed by addition of
750 �l of neutralization buffer (20 mM HEPES, 0.1 M NaCl, 1
mM EDTA, 0.5% Triton X-100, pH 7.7). 50 �l of streptavidin-
agarose beads were added to each sample and incubated for
1 h at room temperature. Beads were washed with washing
buffer (neutralization buffer with 500 mM NaCl) five times,
followed by one neutralization buffer wash. To detect total
endogenous S-nitrosylated proteins, 50 �l of 2� SDS sample
buffer without 2-mercaptoethanol was added and immuno-
blotted with HRP-labeled streptavidin. To detect S-nitrosy-
lation of c-Src, 50 �l of 2� SDS sample buffer was added to
the beads and immunoblotted with anti-Src antibody.
For the detection of S-nitrosylation in vitro, either C-termi-

nally His-tagged c-Src or C498ASrc was immunoprecipitated
with Ni-NTA and incubated with SNAP for 20 min. Immuno-
precipitates were suspended in 100 �l of HEN buffer with 2%
SDS and 0.1 mMMMTS and incubated for 30min at 50 °C with
frequent vortex. MMTSwas removed using aMicro Bio-Spin 6
column. 8 �l of 2 mM biotin-HPDP and 4 �l of 100 mM ascor-
bate were added to the 68 �l of the eluate. 5� SDS sample
buffer without 2-mercaptoethanol was added to the eluate and
immunoblotted with HRP-labeled streptavidin.
Wound Healing Assay—Confluent monolayers of cells were

serum-starved overnight and then scratched with a 10-�l tip.
Cells were stimulated with SNAP and incubated for 18 h. Pho-
tographs were taken, and distance of migration was measured
using measurement tools in Adobe Photoshop. Five randomly
selected fieldswere evaluated for cellmigration, and three inde-
pendent experiments were performed.
Cell Aggregation Assay—MCF7 cells were stimulated with

�-estradiol in the presence or absence of either L-NMMA or
PP2 for 24 h, and then cell aggregation assay was performed.
Briefly, cells were treated with 0.01% crystallized trypsin in
Ca2�- and Mg2�-free HEPES-buffered saline (HCMF, pH 7.4)
or HCMFwith 1mMCaCl2 (HMF) at 37 °C for 20min and then
washed with HCMF to obtain single cell suspensions. The cells
were then washed with 0.05% soybean trypsin inhibitor in
HCMF and incubated at 37 °C for 20min with gyratory shaking
in HMF with 1% bovine serum albumin. The data were plotted
as the percentage of single cells relative to total single cells at
zero time and are presented as the average of determination
from three different experiments.
Invasion Assay—MCF7 cells were assayed for their inva-

siveness using a modified Boyden chamber. MCF7 cells were
seeded ontoMatrigel-coated filters with or without �-estradiol
in the presence or absence of either L-NMMA or PP2. 18 h
later, cells that invaded the lower surface of the filters were
fixed, stained, and quantified by counting three randomly
selected fields under the microscope. To determine whether
Cys498 was essential for the �-estradiol induced invasion of
MCF7 cells, cells were transfectedwith siRNA-targeting 3�UTR
of human c-Src together with either expression vector encod-
ing wild type avian c-Src or C498A Src using Lipofectamine
2000 according to manufacturer’s protocol (Invitrogen). To
visualize transfected cells, an expression vector encoding green
fluorescent protein was also transfected. Two days after trans-
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fection, cells were subjected to invasion assay. The number of
invaded cells that expressed green fluorescent protein was
counted and normalized by the transfection efficiency. Experi-
ments were performed three times, and average values and S.D.
were determined. The sequence of siRNA we used to knock-
down c-Src is 5�-GCAUUCGAGAUGGCAGAUUTT-3�.
In Vitro Kinase Assay—c-Src and mutants were expressed

in SYF cells, and 48 h later, cells were lysed with RIPA buffer
(20 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 0.5% Triton
X-100, 0.5% sodium deoxycholate, pH 7.4) and immunopre-

cipitated with anti-Src antibody.
Immunoprecipitates were washed
and incubated in kinase buffer (10
mM Tris-HCl, 5 mM MgCl2, pH 7.4)
with [�32-P]ATP and 1 �g of casein
at 30 °C for 20 min in the presence
or absence of SNAP. SDS sample
buffer was added to the reaction
mixtures and then subjected to elec-
trophoresis and analyzed by the
BAS 2000 system.

RESULTS

S-Nitrosylation of c-Src by SNAP
Stimulation—We previously re-
ported that the catalytic activity of
c-Src was activated by nitric oxide
(22); therefore, we examinedwhether
c-Src was S-nitrosylated by NO stim-
ulation incells. SYFcells are fibroblast
cells derived from c-Src, c-Yes, and
Fyn knock-out mice (24). We trans-
fected wild type avian c-Src to SYF
cells and established a cell line that
constitutively expressed c-Src (SYF/
WT).SYF/WTcellswere treatedwith
SNAP, a NO-generating reagent, at
different concentrations for 90 min,
afterwhich cells were lysed and phos-
phorylation of c-Srcwas examined by
Western blot. Using an antibody that
specifically detects the phosphoryla-
tion of Tyr416 of c-Src, which is
increased when the kinase is active,
we found that SNAP treatment
increased the phosphorylation of
Tyr416 in a dose-dependent manner
(Fig. 1A). We next examined S-ni-
trosylation of c-Src by BST, which
detects S-nitrosothiols of proteins.
Fig.1B is theschematicdiagramof the
BST.AfterS-nitrosylationofproteins,
free thiols of proteins were blocked
withMMTS, followedby reductionof
S-nitrosothiols with ascorbate. Bio-
tin-HPDP then binds to the reduced
thiols, after which biotinylated pro-
teins are immunoprecipitated with

streptavidin beads. SYF/WTcellswere treatedwith 500�MSNAP
for 90 min, and then the BST was performed with or without
ascorbate to show the specificity of the assay (25). As shown in Fig.
1C, S-nitrosylation of endogenous proteins and c-Srcwas elevated
after SNAP treatment.
S-Nitrosylation of Cys498 Is Critical for the Activation of c-Src

by SNAP inVitro—Next, we attempted to determine the critical
cysteine residues involved in the activation of c-Src by NO.
There are nine cysteine residues in c-Src. Three cysteine resi-
dues are in the SH2 domain, and six cysteine residues are in the

FIGURE 1. Activation and S-nitrosylation of c-Src by SNAP treatment. A, SYF/WT cells were serum-starved
for 2 h and then stimulated with the indicated concentrations of SNAP for 90 min. Cells were lysed, and
phosphorylation of Tyr416 was examined by Western blot. B, a schematic diagram of BST is shown. After
S-nitrosylation of proteins, free thiols of proteins are blocked with MMTS, followed by reduction of S-nitroso-
thiols to free thiols by ascorbate. HPDP-biotin binds to the free thiols, and then the proteins are immunopre-
cipitated (IP) by streptavidin beads, followed by detection of the proteins by HRP-labeled streptavidin or
anti-Src antibody. C, SYF/WT cells were serum-starved for 2 h, stimulated with 500 �M SNAP, and then sub-
jected to the BST as described under “Materials and Methods.” The upper panel shows S-nitrosylated c-Src. The
middle panel shows the amount of input protein. The lower panel shows the S-nitrosylated endogenous
proteins.
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kinase domain. We previously reported the activation of c-Src
by mercuric chloride, which was dependent on the modifica-
tion of cysteine residues located in the short C-terminal region
of the kinase domain. There are four cysteine residues in this
region, which we previously named the cysteine-clustered
motif (CC motif) (Fig. 2A). We focused on these four cysteines
and substituted each residue to alanine by site-directed
mutagenesis. C483A-, C487A-, C496A-, and C498A-Src were
transiently expressed in SYF cells and immunoprecipitated
with anti-Src antibody. Immunoprecipitates were incubated
with or without SNAP, and catalytic activities were examined.
Although C487A-Src was partially resistant to the SNAP-me-
diated activation, C498A-Srcwas completely resistant (Fig. 2B).
Because Cys498 is conserved among Src family kinases, we sub-
stituted Cys506 of c-Yes, which corresponds to Cys498 of c-Src,
and examined its activation by SNAP treatment. Wild type
c-Yes was activated by SNAP; however, the activation of
C506A-Yes was remarkably inhibited (Fig. 2C). We next exam-
ined S-nitrosylation of both wild type and C498A-Src in vitro.
Wild type c-Src and C498A-Src were immunoprecipitated,
treated with SNAP for 20 min, and then subjected to the BST.
We found that S-nitrosylation of C498A-Src was significantly
reduced compared with that of wild type (Fig. 2D), indicating

that S-nitrosylation of Cys498 is crucial for the NO-mediated
activation of c-Src.
S-Nitrosylation of Cys498 Is Critical for the Enhanced Cell

Migration by SNAP—To address the physiological role of S-ni-
trosylation of c-Src, we established a cell line that constitutively
expressed C498A-Src (SYF/C498A). SYF, SYF/WT, and SYF/
C498A cells were stimulatedwith 500�MSNAP for 90min, and
activation of wild type and C498A-Src was examined by West-
ern blot. Although C498A-Src was activated by SNAP treat-
ment, the level of activation of C498A-Src was significantly
reduced compared with that of wild type c-Src (Fig. 3A). Con-
sistentwith this result, the level of S-nitrosylation ofC498Awas
less than that of wild type c-Src after SNAP treatment (Fig. 3B).
Furthermore, we also investigated the phosphorylation of FAK,
which is one of the substrates of c-Src, to evaluate the activation
of c-Src after SNAP stimulation. Tyr397 of FAK is autophosphor-
ylated by various extracellular stimuli and correlates with the
activity of the kinase. Phosphorylated Tyr397 has high affinity
for the SH2 domain of Src family kinases. Once c-Src is re-
cruited to the phosphorylated Tyr397, it phosphorylates Tyr925
of FAK to create a binding site for theGrb-SOS complex. SNAP
treatment of cells increased phosphorylation of Tyr397 of FAK
in every cell line (Fig. 3C). Because FAKhas the cysteine residue
that corresponds to Cys498 of Src (Fig. 2A), we assume that FAK
could also be activated by S-nitrosylation of the cysteine resi-
due. In contrast to the phosphorylation of Tyr397, the phos-
phorylation of Tyr925, which is dependent on the activation of
c-Src, following SNAP stimulation was clearly reduced in SYF/
C498A cells compared with that of SYF/WT cells, suggesting
the pivotal role of Cys498 for the NO-mediated activation of
c-Src (Fig. 3C).

Src and FAK are critical signaling molecules for cell migra-
tion; and thus, we performed a wound healing assay to assess
the role of NO-dependent Src activation in cell migration. Cells
were grown to confluence and wound was made by scratching
with a 10-�l tip and stimulated with 500 �M SNAP for 18 h.
Strikingly, SYF and SYF/C498A cells exhibited a decreased cell
migration into the wound area as compared with the SYF/WT
cells (Fig. 3D). These results, together with the aforementioned
observations, suggest that the enhanced cell migration by NO
was mediated by the activation of c-Src, whose activity was
dependent on the S-nitrosylation of Cys498.
Activation of c-Src by �-Estradiol Is Dependent on the S-Ni-

trosylation of Cys498—Because NO is known to activate cancer
cell proliferation, invasion, and metastasis (26), we examined
the effects of NO-dependent activation of c-Src in MCF7 cells.
MCF7 cells are breast cancer derived cells that have estrogen
receptor with minor invasive property, and stimulation of
MCF7 cells with �-estradiol was reported to induce cell inva-
sion (27). �-estradiol stimulation induced the expression of
eNOS in a dose-dependent manner (Fig. 4A), which is consis-
tent with the previous report (28). Next, we examined the NO
production using DAF-2T, a NO-sensitive fluorescent dye, in
cells cultured under similar conditions. Fluorescent micro-
scopic images revealed that �-estradiol treatment induced pro-
duction of NO, which was drastically suppressed by the addi-
tion of L-NMMA, a known NOS inhibitor (Fig. 4B). We then
determined the levels of activation of c-Src and FAK by �-es-

FIGURE 2. Cys498 is critical for the activation of c-Src by SNAP in cells.
A, alignment of amino acid sequence of CC motif of Src family kinases and
FAK. B, in vitro kinase assay of wild type c-Src and mutants in the presence or
absence of 5 �M SNAP. Lower panels are immunoblot analyses of expression
of Src kinases. C, in vitro kinase assay of wild type c-Yes and C506A-Yes. D, Wild
type c-Src and C498A-Src were immunoprecipitated, incubated with 5 �M

SNAP for 20 min, and then subjected to the BST as described under “Materials
and Methods.” The upper panel indicates the S-nitrosylated proteins.
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tradiol stimulation using phospho-specific antibodies. As
shown in Fig. 4C, both c-Src and FAK were activated by �-es-
tradiol stimulation, which was abolished by the addition of
L-NMMA, indicating that the activation of c-Src and FAK by
�-estradiol was mediated by NO. S-Nitrosylation of c-Src was
also increased by �-estradiol stimulation (Fig. 4D). To compare
the levels of S-nitrosylation between wild type c-Src and
C498A-Src, C-terminally Myc-tagged either wild type c-Src or

C498A-Src was transiently ex-
pressed in MCF7 cells and stimu-
lated with �-estradiol for 24 h and
then subjected to BST. As expected,
S-nitrosylation of C498A was less
than that of wild type c-Src (Fig. 4E).
Finally, we checked the phosphory-
lation levels of wild type c-Src and
C498A-Src after �-estradiol stimu-
lation. C-terminallyHis-taggedwild
type c-Src and C498A-Src were
expressed in SYF cells, stimulated
with �-estradiol for 24 h, immuno-
precipitatedwithNi-NTA, and then
phosphorylation of Tyr416 of c-Src
was examined. As shown in Fig. 4F,
phosphorylation of C498A-Src was
decreased compared with that of
wild type c-Src.
NO-mediated c-Src Activation

Modulates E-cadherin Expression,
Cell-Cell Adhesion, and Cell
Invasion—The expression of E-cad-
herin has been previously reported
to be suppressed in the presence of
�-estradiol (29). E-cadherin is a crit-
ical mediator of cell-cell adhesion,
and disruption of E-cadherin is
associatedwith the dissemination of
cancer cells to metastasize (30). To
determine whether the suppression
of E-cadherin was dependent on the
production of NO and the activa-
tion of c-Src, we attempted to
address this issue by treating MCF7
cells with �-estradiol in the pres-
ence or absence of either L-NMMA
or Src inhibitor, PP2.We found that
the inhibition of either NO produc-
tion or c-Src activation abolished
the �-estradiol-mediated suppres-
sion of E-cadherin (Fig. 5A), indicat-
ing that the reduced expression of
E-cadherin was dependent on the
NO-mediated Src activation. We
then performed an immunocyto-
chemistry analysis to assess the
effect of�-estradiol on cell-cell con-
tact. MCF7 cells were fixed and
immunostained for E-cadherin after

�-estradiol stimulation in the absence or presence of either
L-NMMA or PP2. As shown in Fig. 5B, E-cadherin immuno-
staining showed that �-estradiol disrupted cell-cell adhesion,
whichwas partially restored by the addition of either L-NMMA
or PP2. To further investigate the effect of c-Src activation on
cell-cell adhesion, we performed a cell aggregation assay.
Results indicated that the disrupted cell-cell adhesion induced
by �-estradiol was recovered by the addition of either

FIGURE 3. S-Nitrosylation of Cys498 mediates the activation of c-Src and cell migration by SNAP. A, SYF,
SYF/WT, and SYF/C498A cells were serum-starved for 2 h and then treated with 500 �M SNAP for 90 min. Cells
were lysed, and phosphorylation of c-Src was examined by Western blot. Three independent experiments were
performed, and the relative ratio of phosphorylation is indicated. B, SYF/WT and SYF/C498A cells were serum-
starved for 2 h, treated with SNAP for 90 min, and then subjected to BST. Three independent experiments were
performed, and the relative ratio of S-nitrosylation is indicated. C, SYF, SYF/WT, and SYF/C498A cells were
serum-starved for 2 h, treated with 500 �M SNAP, and then cells were lysed, and phosphorylation of FAK was
examined by Western blot. D, SYF, SYF/WT, and SYF/C498A cells were grown to confluence and serum-starved
for 2 h. Scratch was made by a 10-�l tip and treated with 500 �M SNAP for 18 h. Distance of migration was
measured in five randomly selected fields, and three independent experiments were performed. *, p � 0.01. IP,
immunoprecipitation. Error bars indicate S.D.
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FIGURE 4. Activation of c-Src after �-estradiol stimulation in MCF7 cells is mediated by NO. A, MCF7 cells were stimulated with the indicated
concentrations of �-estradiol for 24 h, and expression of eNOS was examined by Western blot. B, after 24 h of �-estradiol (100 nM) stimulation, MCF7 cells
were incubated with DAF2 for 1 h and analyzed by fluorescent microscopy. C, MCF7 cells were stimulated with �-estradiol (100 nM) for 24 h with or
without L-NMMA (50 �M), and cell lysates were analyzed for the phosphorylation of c-Src and FAK. D, MCF7 cells were treated with �-estradiol (100 nM)
or left untreated for 24 h, and then the BST was performed to detect S-nitrosylation of c-Src. Three independent experiments were performed, and the
relative ratio of S-nitrosylation is indicated. E, C-terminally Myc-tagged c-Src or C498A-Src was expressed in MCF7 cells, treated with �-estradiol (100 nM)
for 24 h, and then subjected to the BST. Three independent experiments were performed, and the relative ratio of S-nitrosylation is indicated.
F, C-terminally His-tagged c-Src or C498A-Src was expressed in MCF7 cells and stimulated with �-estradiol (100 nM) for 24 h. Cells were lysed and
immunoprecipitated (IP) with Ni-NTA, and then the phosphorylation was examined by Western blot. Three independent experiments were performed,
and the relative ratio of phosphorylation is indicated. Strep, streptavidin.
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L-NMMA or PP2 (Fig. 5C). Next, we carried out a cell invasion
test using the modified Boyden chamber method to study the
involvement of NO-mediated Src activation in �-estradiol de-
pendent invasion of MCF7 cells. MCF7 cells were loaded onto
the upper chamber and stimulated with �-estradiol for 18 h.

Cells that invaded the lower surface
of the filter were fixed, stained and
counted. As shown in Fig. 5D, �-es-
tradiol up-regulated the cell inva-
sion, whereas either L-NMMA or
PP2 treatment suppressed cell inva-
sion. Finally, to confirm that S-ni-
trosylation of Cys498 is required for
the �-estradiol-induced cell inva-
sion, we transfected siRNA target-
ing 3�-UTR of human c-Src and an
expression vector encoding green
fluorescent protein together with
either an expression vector encod-
ing wild type avian c-Src or C498A
Src. The siRNA suppressed expres-
sion of c-Src (data not shown). Two
days after transfection, cells were
subjected to the invasion assay with
the presence of �-estradiol. Fig. 5E
shows cell invasion was reduced
when C498A-Src was expressed,
indicating that S-nitrosylation of
Cys498 is involved in the�-estradiol-
induced cell invasion.

DISCUSSION

In this report, we showed evi-
dence that Cys498 of c-Src, which is
conserved among Src family
kinases, plays a pivotal role in the
activation of c-Src by NO. Accumu-
lating evidence has indicated that
S-nitrosylation regulates enzymatic
activity of various proteins, which
consequently modulate signaling
pathways and gene expression.
Using the biotin switch technique,
we found that S-nitrosylation of
C498A-Src was reduced compared
with that of wild type after SNAP
treatment in vitro, indicating that
the activation of c-Src by SNAP was
dependent on the S-nitrosylation of
Cys498. Moreover, using cells that
stably express either wild type c-Src
or C498A-Src, we demonstrated
that S-nitrosylation of Cys498 was
critical for the NO-mediated activa-
tion of c-Src in cells.
c-Src is a non-receptor tyrosine

kinase, and its catalytic activity is
mainly regulated by the phosphory-

lation of Tyr527. However, recent evidence has shown the
importance of cysteine modification in the regulation of the
kinase. Reactive oxygen species, such as superoxide and hydro-
gen peroxide, serve as secondarymessengers to regulate signal-
ing pathways of certain growth factors and cell adhesion. A

FIGURE 5. Disruption of cell-cell adhesion and induction of cell invasion after �-estradiol stimulation was
mediated by NO and c-Src. A, MCF7 cells were stimulated with �-estradiol (100 nM) in the presence or absence
of either L-NMMA (50 �M) or PP2 (25 �M) for 24 h, and expression of E-cadherin was examined by Western blot.
B, MCF7 cells were stimulated with �-estradiol (100 nM) in the presence or absence of either L-NMMA (50 �M) or
PP2 (25 �M) for 24 h and immunostained for E-cadherin. C, MCF7 cells were stimulated with �-estradiol (100 nM)
in the presence or absence of either L-NMMA (50 �M) or PP2 (25 �M) for 24 h, and cell aggregation assay was
performed. Percentages of single cells were counted, and mean averages � S.D. from three independent
experiments are indicated. *, p � 0.01. D, MCF7 cells were loaded onto Matrigel-coated filters with or without
�-estradiol (100 nM) in the presence or absence of either L-NMMA (50 �M) or PP2 (25 �M). Cells that invaded to
the lower surface of the filters were fixed, stained, and quantified by counting three randomly selected fields
under the microscope. Mean averages � S.D. from three independent experiments are indicated. *, p � 0.01.
E, MCF7 cells were transfected with siRNA targeting 3�-UTR of human c-Src and a vector encoding green
fluorescent protein together with either a vector encoding wild type avian c-Src or C498A Src. Two days after
transfection, cells were subjected to the invasion assay in the presence of �-estradiol (100 nM). The number of
cells that invaded to the lower surface was counted and normalized by transfection efficiency. Three indepen-
dent experiments were performed, and the relative ratio of migrated cells is indicated. *, p � 0.01. Error bars
indicate S.D.
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number of studies have suggested that cysteine modification of
c-Src plays an important role for the reactive oxygen species-
mediated signal transductions; however, whether c-Src is acti-
vated or inactivated by oxidation remains unclear (31). Upon
cell adhesion, c-Src is activated by the formation of an intramo-
lecular S–S bond between Cys245 and Cys487, which are highly
conserved residues among the Src family kinases and are local-
ized in the SH2 domain and kinase domain, respectively (17).
On the other hand, Kemble et al. (31) reported the direct inac-
tivation of c-Src by oxidation. They showed that the inactiva-
tion was caused by oxidation of Cys277, which resulted in
homodimerization of c-Src linked by a disulfide bridge. We
previously reported the critical role of cysteine residues in the
CC motif for the regulation of catalytic activity of c-Src (18).
SH-alkylating agents such as BIPM and NAM are known to
inhibit kinase activity of v-Src by directly binding to cysteine
residues. Mutation of cysteine residues in the CCmotif abol-
ished the inactivation of the kinase by these agents (19). On
the other hand, mercuric ions that have high affinity for thiol
side chain of cysteine residues activate c-Src, which is depen-
dent on the modification of Cys498 (20). These previous studies
and our present study strongly suggest the importance of cys-
teine modification for the regulation of c-Src for diverse intra-
cellular signaling pathways.
A number of studies have indicated that both NO and c-Src

are involved in the progression of tumor formation. NOS activ-
ity has been detected in various tumors and has been associated
with tumor grade and proliferation rate. A recent study showed
that eNOS-mediated Ras activation by S-nitrosylation was
important for initiation andmaintenance of tumor (32). c-Src is
known to be activated in several cancers, and there is convinc-
ing evidence that increased Src activity is associated with more
invasive and aggressive phenotypes (33). Our results indicate a
possible role of NO-mediated c-Src activation for tumorigene-
sis and invasion.
Breast cancer is one of the most common malignancies, and

estrogens are major contributors to the development of the
cancer. Since �-estradiol stimulation of MCF7 cells has been
reported to induce eNOS expression, we treated MCF7 cells
and examined activation of c-Src and its physiological effect.
We found that c-Src was activated by �-estradiol stimulation,
which was dependent on the production of NO. Furthermore,
S-nitrosylation of c-Src was increased by �-estradiol stimula-
tion, and the phosphorylation and S-nitrosylation of C498A-
Src after �-estradiol stimulation were reduced compared with
those of wild type c-Src, indicating that S-nitrosylation of
Cys498 is critical for the NO-mediated activation of c-Src.
E-cadherin is a calcium-dependent cell-cell adhesion glycopro-
tein forming the core of the epithelial adherens junction. Loss
of E-cadherin is a hallmark of many invasive tumors, and
increased Src activity is associated with a disruption of E-cad-
herin-mediated cell-cell contacts in tumor cells (34).We found
NO-mediated c-Src activation was critical for the suppression
of E-cadherin expression and disruption of cell-cell contacts
after �-estradiol stimulation. Loss of E-cadherin not only
disrupts cell-cell adhesion but also activates multiple tran-
scriptional pathways to induce cell invasion (30). Stimula-
tion of MCF7 cells with �-estradiol induced cell invasion

that was dependent on the production of NO and activation
of c-Src. Our experimental results suggest that NO-medi-
ated activation of c-Src is critical for cancer cell dissemina-
tion and invasion, which could be mediated by suppressing
E-cadherin expression.
NO exerts diverse physiological functions; however, precise

mechanisms are still unknown. Recent evidence has clearly
indicated that regulation of enzymatic activities of proteins by
S-nitrosylation plays critical roles for various physiological
functions (5). Because Cys498 is conserved in Src family kinases,
our result suggests that some physiological phenomenon elic-
ited by NO may be mediated by the activation of Src family
kinases. Further studies about NO-mediated activation of tyro-
sine kinases may advance our understanding of physiological
functions of NO.
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