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ibit the epidermal growth factor (EGF)-dependent auto(trans)phosphorylation of
the EGF receptor (EGFR) in several cell types in which NO exerts antiproliferative effects. We demonstrate in
this report that NO inhibits, whereas NO synthase inhibition potentiates, the EGFR tyrosine kinase activity in
NO-producing cells, indicating that physiological concentrations of NO were able to regulate the receptor
activity. Depletion of intracellular glutathione enhanced the inhibitory effect of the NO donor 1,1-diethyl-2-
hydroxy-2-nitrosohydrazine (DEA/NO) on EGFR tyrosine kinase activity, supporting the notion that such
inhibition was a consequence of an S-nitrosylation reaction. Addition of DEA/NO to cell lysates resulted in the
S-nitrosylation of a large number of proteins including the EGFR, as confirmed by the chemical detection of
nitrosothiol groups in the immunoprecipitated receptor. We prepared a set of seven EGFR(C→ S) substitution
mutants and demonstrated in transfected cells that the tyrosine kinase activity of the EGFR(C166S) mutant
was completely resistant to NO, whereas the EGFR(C305S) mutant was partially resistant. In the presence of
EGF, DEA/NO significantly inhibited Akt phosphorylation in cells transfected with wild-type EGFR, but not in
those transfected with C166S or C305S mutants. We conclude that the EGFR can be posttranslationally
regulated by reversible S-nitrosylation of C166 and C305 in living cells.

© 2008 Elsevier Inc. All rights reserved.
Nitric oxide (NO) is an intracellular and intercellular messenger
that produces a large variety of cellular responses, depending on its
concentration in the cell microenvironment and on the cell type and
functional status, among other factors. Cell proliferation can be
modulated by the presence of NO. Although both proliferative and
antiproliferative effects have been described [see for reviews 1,2],
most studies have concentrated on the antiproliferative action of NO
in many normal and tumor cell types [3–13].

Proliferation is a complex process that can be regulated at
different levels. Interactions of NO with several systems involved in
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cell proliferation such as ornithine decarboxylase [14]; ribonucleo-
tide reductase [8]; the p21Cip1/Waf1/pRb pathway [13,15,16]; other
proteins relevant for the control of the cell cycle at the G1/S
transition, such as the activity and/or expression of Cdk2 and se-
veral cyclins, among others [13,17,18]; or the Ras/MAPK pathway
[13,19–21] have been described. We have reported that, at least in
part, the antiproliferative effect of NO may be due to its interaction
with the EGFR. This has been shown in stably transfected mouse
fibroblasts that overexpress the human EGFR [9], as well as in various
tumor cells that naturally express this receptor [11–13]. In all these
cases, NO donors inhibited EGFR auto(trans)phosphorylation and
EGF-dependent cell proliferation. Furthermore, we have recently
reported that murine neural precursor cells (NPC), which sponta-
neously produce NO, increase their proliferation rate and the
phosphorylation status of the EGFR when treated with a NO synthase
(NOS) inhibitor [22].

Some of the physiological actions of NO, such as vasodilatation [23]
and neuromodulation [24], among others, are mediated by activation
of a soluble guanylyl cyclase, through interaction of NOwith the heme
group of the enzyme [25]. However, the inhibitory effect of NO on
EGF-induced cell proliferation did not require cGMP production
[9,11,12]. Stamler and collaborators [26,27] and others [28,29] have
demonstrated that S-nitrosylation (also called S-nitrosation by some
authors) of specific cysteine residues is a reversible and regulated
mechanism that can modify protein activity and that it may occur at
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physiological concentrations of NO. During the past few years, a large
number of proteins have been reported to be susceptible to S-
nitrosylation in vitro [27], and in some cases, endogenous S-
nitrosylation has been demonstrated in tissues [29,30] or cultured
cells [31] able to synthesize NO.

Our previous studies using transfected fibroblasts suggested that
the EGFR was S-nitrosylated in the presence of NO donors, because
NO-induced receptor inhibition could be reversed in the presence of
dithiothreitol [9]. Moreover, we also demonstrated that cell-permea-
tive reducing agents were able to reactivate the NO-inhibited EGFR in
living NB69 cells [13]. In the present report, we demonstrate that the
EGFR is S-nitrosylated in the presence of NO, so inhibiting its tyrosine
kinase activity, and we have identified two cysteine residues as the NO
targets in the receptor molecule.

Experimental procedures

Reagents

The following reagents were used: 1,1-diethyl-2-hydroxy-2-nitro-
sohydrazine (DEA/NO), 2,2′-(hydroxynitrosohydrazino)bis-ethana-
mine (DETA/NO), S-nitroso-N-acetylpenicillamine (SNAP), Nω-nitro-
L-arginine methyl ester (L-NAME), L-buthionine sulfoximine (BSO),
and 5-bromo-2′-deoxyuridine (BrdU) from Sigma–Aldrich (St. Louis,
MO, USA); [methyl-3H]thymidine and EcoLite(+) liquid scintillation
cocktail from ICN Pharmaceuticals (CostaMesa, CA, USA); EGF (human
recombinant) from Upstate Biotechnology (Lake Placid, NY, USA);
PVDF membranes (Immobilon-P) from Millipore Corp. (Bedford, MA,
USA) or BioTrace from Pall Laboratory (Ann Arbor, MI, USA); GIBCO
culture media, saline solutions, glutamine, FBS, trypsin/EDTA solution,
gentamicin, bovine serum albumin, and Lipofectamine 2000 from
Invitrogen (Carlsbad, CA, USA); trichloroacetic acid, glycerol, inorganic
salts, and concentrated acids, bases, and alcohols from Merck
(Darmstadt, Germany); SDS, acrylamide:bisacrylamide solutions, and
protein assay kits from Bio-Rad Laboratories (Hercules, CA, USA); and
Supersignal enhanced chemiluminescence substrate (ECL) kit and EZ-
Link biotin-HPDP from Pierce Biotechnology (Rockford, IL, USA). All
other chemicals used were of analytical grade. The following
antibodies were used: polyclonal antibodies against phospho-EGFR
(Tyr992), phospho-EGFR (Tyr1045), phospho-Akt (Ser473), and total
Akt from Cell Signaling Technology (Boston, MA, USA); polyclonal
antibodies against total EGFR from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) or Cell Signaling Technology; monoclonal peroxidase-
conjugated anti-phosphotyrosine antibody (RC20 H) from Transduc-
tion Laboratories (Lexington, KY, USA); anti-BrdUmonoclonal antibody
from Dako Denmark A/S (Glostrup, Denmark); monoclonal anti-actin,
monoclonal anti-α-tubulin, peroxidase-conjugated monoclonal anti-
biotin, and secondary peroxidase-conjugated anti-mouse or anti-rabbit
IgG antibodies from Sigma–Aldrich or Pierce Biotechnology; and
secondary anti-mouse IgG labeled with fluorescein from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA).

Cell cultures

Human neuroblastoma NB69 cells were grown in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 15% (v/v) FBS,
2 mM L-glutamine, and 40 mg/ml gentamicin. Once a week, cells were
detached with trypsin/EDTA and seeded at a density of 9000 cells/
cm2, and the medium was changed 3 days afterward. Porcine aorta
endothelial cells stably transfected with a chimeric human EGFR with
the green fluorescence protein at its C-terminus (PAE/EGFR–GFP cells)
were obtained from Dr. Carlos Enrich (Universitat de Barcelona) and
were grown in Ham's medium supplemented with 10% (v/v) FBS,
2 mM L-glutamine, and 40 μg/ml gentamicin. NPC were obtained from
the subventricular zone of 7-day postnatal CD1 mice and maintained
in culture as previously described [22]. HEK293FT cells were
commercially obtained from Invitrogen and cultured in DMEM
supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 40 μg/ml
gentamicin, and 500 μg/ml geneticin. EGFR-T17 cells were obtained
and cultured as previously described [9]. All cells weremaintained in a
humidified atmosphere of 5% CO2 in air at 37°C. Experiments were
performed in cultures that had been maintained in serum-free
medium for the preceding 24 h.

Cell proliferation assays

Incorporation of [methyl-3H]thymidine into DNAwas performed in
EGFR-T17 and NB69 cells in the absence and presence of 20 ng/ml EGF
as previously reported [9]. Incorporation of BrdU into DNA was
detected in fixed and immunostained NPC using a specific anti-BrdU
antibody as previously described [22].

Glutathione depletion experiments

NB69 cells were seeded in six-well culture clusters at a density of
4 × 105 cells/well and grown to confluence for 3 days. Then, cells
were changed to a serum-free medium in the absence or presence of
20 μM BSO, an inhibitor of γ-glutamyl cysteine ligase, the rate-
limiting enzyme of glutathione synthesis. After 24 h, the cells were
incubated with or without 1 mM DEA/NO for 15 min, followed by a
2-min pulse addition of 20 ng/ml EGF. Controls in the absence of
EGF were also included. The incubations were stopped with ice-cold
10% (w/v) trichloroacetic acid; afterward, cellular precipitates were
scraped and collected by centrifugation (7500 g, 15 min) and the
pellets were processed for Western blotting, to detect the phos-
phorylation state of the EGFR, using a peroxidase-conjugated anti-
phosphotyrosine antibody (1/2000 dilution).

Site-directed mutagenesis

The cvsvHERc expression vector encoding the wild-type human
EGFR was a kind gift from Professor Axel Ullrich (Max-Planck-Institut
für Biochemie, Martinsried, Germany). Polymerase chain reaction-
aided site-directed mutagenesis was directly performed on the
cvsvHERc vector using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA) and appropriate sets of comple-
mentary oligos designed to substitute a serine for any of the
following cysteine residues: C166, C305, C751, C757, C794, C926,
and C1025. We chose this particular substitution because these two
amino acids are identical except for the sulfhydryl group (–SH)
present in cysteine, susceptible to NO-mediated S-nitrosylation,
which corresponds to a hydroxyl group (–OH) in serine that is
insensitive to NO. The correctness of each site-directed mutation was
corroborated by DNA sequencing of the vector using appropriate
primers. The Escherichia coli strain DH5α was transformed with the
different constructs to replicate the plasmidic DNA, which was
thereafter isolated using the Genopure Plasmid Midi kit from Roche
(Basel, Switzerland).

Cell transfection

HEK293FT cells were seeded at a density of 100,000 cells/cm2 in
the absence of antibiotics and the next day were transfected using
Lipofectamine 2000 to introduce the different plasmidic constructs
into the cells, according to the manufacturer's instructions. Two days
later, the cells were changed to serum-free medium supplemented
with superoxide dismutase (15 units/ml) and treated with or without
5 mM DEA/NO for 30 min followed by a 2-min pulse addition of EGF
(20 ng/ml). Then, the medium was aspirated and 10% (w/v) ice-cold
trichloroacetic acid was added to the cells to precipitate cellular
proteins. Finally, the samples were processed for SDS–PAGE and
Western blotting as described below.



Fig. 1. NO inhibits cell proliferation and EGFR phosphorylation in various EGF-
responding cell types. (A) Incorporation of [methyl-3H]thymidine into DNA by
proliferating EGFR-T17 cells grown for 24 h in the absence of added growth factors
(white dot) or in a medium containing EGF (black dots) plus the indicated
concentrations of the NO donor SNAP. (B) Incorporation of [methyl-3H]thymidine into
DNA by NB69 cells grown for 48 h in the presence of EGF plus the indicated
concentrations of the NO donor DEA/NO. (C) Number of nuclei that incorporated BrdU
during an 8-h period in neural precursor cells (NPC) treated with EGF plus the indicated
concentrations of the NO donor DETA/NO for 48 h. (D) The indicated cell types were
treated with or without 1 mM DEA/NO for 15 min and then with EGF for 2 min.
Thereafter, cell proteins were immediately precipitated with 10% (w/v) trichloroacetic
acid, processed for SDS–PAGE, transferred to a PVDF membrane, and probed with an
anti-phosphotyrosine antibody to visualize the activation state of the EGFR, as
described under Experimental procedures. Data shown are the means±SEM of at
least three experiments. Error bars are shown when larger than the symbols.
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Western blot analysis

Cell proteins were dissolved in a loading buffer containing
60 mM Tris–HCl (pH 6.8), 10% (w/v) SDS, 0.02% (w/v) bromophenol
blue, 5% (v/v) 2-mercaptoethanol, and 20% (w/v) glycerol. After
boiling for 5 min, the samples were loaded into SDS–polyacryla-
mide linear-gradient (5–20%) gels and electrophoresed at 12 mA
overnight. The proteins were electrotransferred to PVDF mem-
branes, fixed with 0.2% (v/v) glutaraldehyde, and temporarily
stained with the Fast Green FCF dye. The stained membranes
were scanned for later measurements of the protein content in
each track. Thereafter, the membrane was rinsed, blocked either
with Tris-buffered saline (TBS) plus 5% (w/v) bovine serum albumin
for 2 h (when the anti-phosphotyrosine antibody was used) or with
TBS containing 0.1% (v/v) Tween 20 and 3% (w/v) fat-free dry milk
for 30 min (when any other antibody was used). The membranes
were then incubated with the various primary antibodies diluted in
the same solution as for blocking. When primary antibodies were
not directly conjugated to horseradish peroxidase, the membranes
were washed and incubated as appropriate with secondary
peroxidase-conjugated anti-mouse or anti-rabbit IgG antibodies
(1/4000 dilution). The positive bands were developed, after
appropriate time exposure, using the ECL method following the
instructions of the manufacturer. When required, specific bands
were quantified by photodensitometry, using a computer-assisted
scanner and the ImageJ program from the NIH. Corrections were
made for the total amount of protein present in the electrophoretic
tracks as detected by Fast Green FCF staining or by constitutive
proteins like α-tubulin or β-actin, although only minor differences
in protein content were detected.

Identification of S-nitrosylated proteins

To detect proteins that were S-nitrosylated in cysteine residues by
NO, we used the method described by Jaffrey and collaborators [29], a
three-step reaction that allows the specific biotinylation of S-
nitrosothiol groups that can afterward be identified.

Cell lysates were obtained and divided into aliquots with the
same amount of total protein (typically, 0.3 mg of protein in 0.5 ml
per sample). Proteins were then precipitated by adding 2 volumes
of cold acetone (−20°C) to each sample and kept for 10 min at
−20°C. After centrifugation (2300g, 5 min), the pellets were
resuspended in 200 ml of a buffer containing 250 mM Hepes/
NaOH (pH 7.7), 1 mM EDTA, and 0.1 mM neocuproine (HEN buffer).
Next, samples were treated with or without 1 mM DEA/NO for
15 min at room temperature and the excess DEA/NO was
eliminated by acetone precipitation of proteins. These were
resuspended in blocking buffer (HEN buffer plus 2.5% (w/v) SDS
and 20 mM S-methylmethane thiosulfonate) and incubated at 50°C
for 20 min, to block free thiol groups. Proteins were again
precipitated with acetone, resuspended in biotinylation buffer
(HEN buffer plus 1 mM ascorbate and 0.2 mM EZ-Link biotin-
HPDP), and incubated for 1 h at room temperature. In this step,
nitrosothiol groups in proteins are reduced by ascorbate to give free
thiol groups, which can then be specifically biotinylated. Finally,
proteins were collected by acetone precipitation and processed in
three ways: (i) The proteins were resuspended in loading buffer
(reducing agents and boiling must be avoided) and electrophoresed,
to visualize by Western blotting the overall protein biotinylation
pattern using a peroxidase-conjugated anti-biotin antibody (1/4000
dilution). (ii) The proteins were diluted with a lysis buffer
containing 50 mM Tris–HCl (pH 7.4), 1% (v/v) Triton X-100, 0.5%
(w/v) sodium deoxycholate, 1 mM PMSF, 10 μg/ml leupeptin, 10 μg/
ml pepstatin A, 10 μg/ml aprotinin, and 2 mM sodium orthovana-
date and treated overnight with an anti-EGFR antibody (4 mg per
gram of total cell protein), followed by a 3-h incubation with
protein A–agarose to immunoprecipitate the EGFR. The biotinylated
EGFR was visualized after SDS–PAGE (avoiding reducing agents) by
Western blotting, using the anti-biotin antibody described above.
(iii) The proteins were resuspended in 300 μl of HEN buffer and
then treated for 1 h at room temperature under gentle rocking with
5 μl of streptavidin–agarose, to precipitate all the biotinylated
proteins bound to streptavidin. After centrifugation, the precipitate
was resuspended in loading buffer and subjected to SDS–PAGE and
Western blotting, to detect the presence of the EGFR using a
polyclonal anti-EGFR antibody.

Results

NO inhibits proliferation in a wide variety of EGF-responsive cell types

In previous work, we have demonstrated that NO inhibits the
proliferation of various cell types and that this inhibitory effect is
more prominent when cell division is induced by EGF [9,11]. Fig. 1
shows the concentration-dependent cytostatic effect of several NO
donors in three types of EGF-responsive cell lines, namely: EGFR-T17
cells (Fig. 1A), a mouse fibroblast cell line engineered to overexpress
the human EGFR; NB69 cells (Fig. 1B), a human neuroblastoma
tumor cell line that naturally expresses the EGFR; and primary
cultures of NPC (Fig. 1C) obtained from the subventricular zone of
postnatal mice and grown as neurospheres, which express the EGFR
and are EGF-dependent for their growth in vivo and in vitro. In all
these cell types, NO not only decreased the proliferation rate, but
also inhibited the EGF-induced activation of EGFR (Fig. 1D), in
agreement with results previously reported in these and other cell
lines [9,11–13,22].



Fig. 2. EGFR–GFP auto(trans)phosphorylation was sensitive to exogenously added and
endogenously produced NO. NO-producing PAE/EGFR–GFP cells were grown to
confluence and serum starved before incubation in the absence (−) and presence (+)
of increasing concentrations of (A) the NO donor DEA/NO or (B) the NOS inhibitor L-
NAME for 15 min. Thereafter, 20 ng/ml EGF was added and the incubation was
prolonged for 2 min. Controls in the absence of EGF are also presented. Samples were
processed for Western blotting as described under Experimental procedures. Arrows
point to the phosphorylated 190-kDa EGFR–GFP band. A segment of the membrane
stained with Fast Green to visualize the total protein loaded in each track is also shown.
One of three independent experiments with similar results is shown in each case.
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The EGFR is inhibited by physiological concentrations of endogenous NO

Because it is technically difficult to ascertain that physiological
concentrations of NO are obtained by the addition of NO donors to
cultured cells, we sought to determine whether endogenous NO
production was able to inhibit the EGFR phosphorylation. For this
purpose, we used a cell culture model consisting of PAE cells stably
transfectedwith a human EGFR–GFP chimera. The advantages of using
these cells are that they express the endothelial nitric oxide synthase
(eNOS) and produce endogenous NO at a steady rate and the effects of
these physiological concentrations of NO on the transfected receptor
can be directly tested. As shown in Fig. 2A, we first ascertained that
DEA/NO inhibited the EGF-induced EGFR–GFP auto(trans)phosphor-
ylation, in accordance with the results obtained in other cell types
[9,11–13,22]. In these cells, blocking endogenous NO production by
Fig. 3. Intracellular depletion of glutathione potentiates the effect of DEA/NO on EGFR
auto(trans)phosphorylation. NB69 cells were maintained in serum-free medium for
24 h, in the absence or presence of the glutathione synthesis inhibitor BSO (20 μM).
Afterward, cells were washed and incubated with or without 1 mM DEA/NO for 15 min
and thenwith 20 ng/ml EGF for 2 min. Samples were processed as described for Fig. 1D.
A representative experiment is shown on the left. The graph on the right represents
EGFR phosphorylation as a percentage of the optical density measured in the EGFR band
in the absence of DEA/NO. Data are the means±SEM of the values obtained in four
independent experiments.
treatment with the NOS inhibitor L-NAME produced EGFR–GFP
phosphorylation in the absence of EGF (Fig. 2B).

The inhibitory effect of NO on ligand-induced EGFR activation was
enhanced by glutathione depletion

Fig. 3 shows that DEA/NO inhibited the auto(trans)phosphorylation
of EGFR in NB69 cells, as expected. Moreover, when cells were
pretreated for 24 h with BSO, an inhibitor of glutathione synthesis, the
inhibitory action of the NO donor on EGFR auto(trans)phosphorylation
was significantly enhanced.

The EGFR was S-nitrosylated in the presence of NO

Exposure of NB69 cell lysates to the NO donor DEA/NO resulted in
the S-nitrosylation of a large number of proteins (Fig. 4A). As shown in
the magnified inset, a longer exposure time of the film revealed an S-
nitrosylated 170-kDa band corresponding to the apparent molecular
mass of the EGFR, in samples exposed to DEA/NO. To confirm that this
S-nitrosylated band was in fact the EGFR, the receptor was
Fig. 4. Nitric oxide S-nitrosylates the EGFR. (A) NB69 cells were depleted of serum for
24 h and lysed. Then, cell lysates were treated with or without 1 mMDEA/NO for 15 min
and processed for the S-nitrosothiol biotinylation reaction described under Experi-
mental procedures. Whole-cell lysates were directly electrophoresed for Western
blotting, using an anti-biotin antibody to visualize the pattern of protein S-
nitrosylation. A magnification of the high-molecular-mass bands in the inset, subjected
to a longer exposure time of the film, is shown on the right. The double-headed arrow
points to the EGFR 170 kDa molecular mass band. Fast Green staining of the membrane
is shown as a loading control. (B) Whole-cell lysates (treated as in A) were incubated
with an anti-EGFR antibody coupled to protein A–agarose to immunoprecipitate the
EGFR, which was then subjected to SDS–PAGE/Western blotting as described under
Experimental procedures. An anti-biotin antibody was used to detect the biotinylation
status of the EGFR. The appearance of a biotinylated EGFR band when cell lysates were
treated with the NO donor indicates that the receptor was S-nitrosylated. One of five
independent experiments is shown in each case. (C) NPC were depleted of growth
factors and incubated for 1 h in the absence or presence of the NOS inhibitor L-NAME
(0.1 mM). Then, cells were lysed and treated as in A. Biotinylated proteins were
precipitated with streptavidin–agarose and processed for SDS–PAGE/Western blotting
as described under Experimental procedures, using an anti-EGFR antibody to detect the
biotinylated/S-nitrosylated EGFR.
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immunoprecipitated from NB69 cell lysates with a specific anti-EGFR
antibody, and its S-biotinylation (revealing the former presence of
nitrosothiol groups) was detected by Western blotting. Fig. 4B shows
that the immunoprecipitated EGFR was not S-nitrosylated under
control conditions, but a clear band appeared after incubation with
DEA/NO. A different result was obtained in NPC, as these cells
spontaneously produce NO. Hence, in NPC the EGFR presented a basal
S-nitrosylation status, which was slightly reduced after 1 h exposure
to the NOS inhibitor L-NAME, as well as slightly enhanced by DEA/NO
treatment (Fig. 4C).

Identification of the cysteine residues targeted by NO in the EGFR

Human EGFR possesses 59 cysteine residues, most of which are
located in two extracellular cysteine-rich domains forming disulfide
bonds. Because it was not affordable for us to make single point
mutations of such a high number of residues, and taking into account
that for most S-nitrosylated proteins known to date only one or a few
cysteine residues in these proteins are targeted by NO, we selected a
group of the most likely candidate cysteine residues to be mutated in
the first place. Two extracellular cysteine residues (C166 and C305)
that matched the S-nitrosylation consensus sequence (K, R, H, D, E)–
C–(D, E) described previously [26] were included in the group, even
though they formed disulfide bonds with other cysteine partners; also
most of the intracellular cysteine residues were mutated, albeit only
Fig. 5. Identification of the NO-sensitive cysteine residues in the EGFR. (A) HEK293FT cells we
or C305S; mock-transfected cells were used in parallel. Forty-eight hours later, whenmaxima
5 mM DEA/NO for 30 min and with or without EGF (20 ng/ml) for the last 2 min. Then, th
(Tyr992) band aswell as a loading-control protein (as indicated). Typical examples from four i
following the same procedure as in (A), using different constructs with selected point mutatio
example of each mutant. The bottom shows the phospho-EGFR/total EGFR band densitom
obtained in its absence, for the WT EGFR and each mutant. Controls in the absence of EGF w
the densitometric quantification of the phospho-EGFR band, relative to total EGFR; both the C
Results were normalized as a percentage of the data obtained for WT EGFR in each indepen
C926 was surrounded by acidic–basic residues, as deduced from the
three-dimensional structure available from crystallographic studies of
part of the EGFR intracellular region [32]. The wild-type and a total of
seven cysteine-to-serine mutant versions of the human EGFR were
expressed in HEK293FT cells and tested for their NO sensitivity. As
shown in Fig. 5A, no phospho-EGFR signal was obtained in untreated
cells, in cells exposed to DEA/NO alone, or under any condition in
mock-transfected cells. EGF induced the auto(trans)phosphorylation
of the wild type and all EGFR mutants tested (Figs. 5A and B).
Pretreatment with DEA/NO inhibited EGFR phosphorylation in the
wild type, as well as in the C751S, C757S, C794S, C926S, and C1025S
mutants (Figs. 5A and B). However, the EGFR(C166S) mutant was
completely resistant to NO (Figs. 5A and B), indicating that this
cysteine is targeted by NO, so inducing its inhibitory action. The EGFR
(C305S) mutant was still able to respond to NO, although its NO-
induced inhibition was significantly reduced compared to the wild-
type (WT) EGFR as determined in paired experiments (Figs. 5A and B).
Interestingly, the EGFR(C166S) and EGFR(C305S) mutants were
activated by EGF to a lesser extent than the WT EGFR (Fig. 5A and C).

NO decreases Akt phosphorylation in EGF-treated cells transfected with
the WT EGFR but not with the C166S or C305S mutants

To elucidate whether downstream signaling was affected by the
EGFR phosphorylation status in wild-type and NO-resistant EGFR
re transfected with plasmids coding for either the WT EGFR or the EGFR mutants C166S
l expression of the exogenous EGFR was obtained, cells were pretreated with or without
e samples were used for SDS–PAGE and Western blotting to detect the phospho-EGFR
ndependent experiments are shown. (B) HEK293FTcells were transfected and processed
ns in the EGFR, all consisting of cysteine-to-serine substitutions. The top shows a typical
etric quantification in the presence of DEA/NO expressed as a percentage of the value
ere performed for all mutants and were always blank (not shown). (C) The graph shows
166S and the C305S mutants were activated by EGF to a lesser extent than theWT EGFR.
dent experiment (n=4).



Fig. 6. Nitric oxide inhibits Akt activation in WT-EGFR-expressing cells but not in cells
expressing the NO-resistant mutants C166S and C305S. (A) HEK293FT cells were
transfected with plasmids coding for the WT EGFR or the C166S or C305S EGFR mutant
or were mock transfected. Forty-eight hours later, cells were serum-starved for 5–6 h
and pretreated with or without 5 mM DEA/NO for 30 min and with or without EGF
(20 ng/ml) for the last 15 min. Then, samples were used for SDS–PAGE and Western
blotting to detect phospho-Akt, total Akt, and a loading-control protein (as indicated).
Typical examples from three or four independent experiments are shown. (B) The graph
represents the densitometric quantification of phospho-Akt in all the conditions
presented in (A), normalized for each experiment and cell transfection. Data are the
means±SEM of the values obtained in three or four independent experiments.
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mutants, HEK293FT cells transfected with wild-type, C166S, or
C305S EGFR, as well as mock-transfected cells, were incubated with
DEA/NO for 30 min, EGF for 15 min, or both, and Akt phosphoryla-
tion was analyzed. In all cases, including mock-transfected cells,
there was a strong basal phospho-Akt signal, which was not
modified by addition of DEA/NO or EGF alone. However, DEA/NO
in the presence of EGF produced a significant reduction of phospho-
Akt in cells transfected with the WT EGFR, but not in those trans-
fected with the two mutant receptors, or in mock-transfected cells
(Figs. 6A and B).

Discussion

This study shows in a direct manner and for the first time that
the EGFR can be S-nitrosylated in cysteine residues 166 and 305, a
process that may explain the inhibition of the receptor tyrosine
kinase activity in the presence of NO and, at least in part, the
antiproliferative action of NO in different EGF-responding cell
types.

Both exogenously added and endogenously produced NO inhibits cell
proliferation and EGFR auto(trans)phosphorylation in different cell types

NO released from various NO donors produces a cGMP-indepen-
dent inhibition of cell proliferation in a variety of cell types, as we have
previously reported [9,11–13]. Interestingly, cells grown in defined
medium supplemented with EGF are more sensitive to NO than those
grown in the presence of serum [9,11], suggesting that NO modulates
the activity of proteins involved in the signaling pathways initiated by
activation of the EGFR. In the present work, we have emphasized that
in both NB69 cells and NPC, as well as in permeabilized EGFR-T17
fibroblasts, NO reduced EGFR auto(trans)phosphorylation, in agree-
ment with previously reported results [9,11–13,22], indicating a
decrease in the receptor tyrosine kinase activation, which is the first
and crucial step in transducing EGFR-mediated signals.

Increased EGFR phosphorylation upon treatment with NO donors,
in the absence or presence of added EGF, have been reported
recently in A431 and A459 cells [33,34], although no evidence
indicates that such activations were due to a direct interaction
between NO and the receptor. Indirect ways by which NO could
activate EGFR include phosphatase PTP1B inactivation [33] and
metalloprotease activation [35], which cause the shedding of
endogenous EGFR ligands [36,37]. These mechanisms may prevail
in particular cell types and experimental conditions under which
EGFR dephosphorylation and/or transactivation play a significant
role. Interestingly, several lung tumor cells overexpress EGF/TGFα
[38,39], and, specifically, the lung tumor cell line A459 contains the
machinery necessary for metalloprotease-mediated ectodomain
shedding of EGFR ligands [40].

Although throughout this work high concentrations of DEA/NO
(millimolar range) have been used to make sure that the mutant EGFR
proteins C166S and C305S were resistant to NO, cells that naturally
express the EGFR, such as NPC or NB69 cells, require lower
concentrations of NO donors to significantly reduce EGFR phosphor-
ylation and proliferation rate [11,22]. In any event, the physiological
significance of the EGFR regulation by NO is supported by the
consequences of NOS inhibition in NO-producing cells. The nNOS- and
eNOS-expressing NPC increased EGFR auto(trans)phosphorylation,
Akt phosphorylation, and EGF-dependent proliferation upon NOS
inhibition [22], a condition that, as we show now, reduces EGFR S-
nitrosylation. A confirmation of the capacity of endogenous NO to
inhibit the EGFR tyrosine kinase was obtained using PAE/EGFR-GFP
cells, which express eNOS. Interestingly, in these cells, inhibition of
NOS activity produced tyrosine phosphorylation of the EGFR–GFP
chimera in the absence of EGF, thus suggesting that the receptor could
be partially active under basal conditions and that the tonic release of
NO prevents this activation.

Both exogenously added and endogenously produced NO S-nitrosylates
the EGFR

Most NO reactions are highly sensitive to reduced glutathione
(GSH), a major determinant of the intracellular redox state, which
can prevent, potentiate, or completely modify NO functions [41–43].
Experimental evidence indicates that NO effects mediated by
guanylyl cyclase activation are enhanced in the presence of GSH
[44], probably owing to NO protection from oxidative agents or to
the formation of stable NO adducts (GSNO), which may thereafter
release free NO through a Cu2+-catalyzed mechanism [41]. On the
other hand, GSH impairs NO reactions with protein sulfhydryl
groups, thereby inhibiting functions derived from protein S-
nitrosylation [14,45]. Here we show that inhibition of glutathione
synthesis by BSO, a condition under which protein S-nitrosylation is
enhanced sixfold upon treatment with NO donors [46], significantly
increased the inhibitory effect of NO on the EGFR tyrosine kinase
activity. This is consistent with previous work in which we
demonstrate that addition of glutathione ethyl ester (a membrane-
permeative form of GSH) to the cultures reverts NO-induced
inhibition of the EGFR [13]. Altogether, these data suggested to us
that the mechanism by which NO affects EGFR function implied S-
nitrosylation reactions.

Direct evidence of the molecular interaction between NO and the
EGFR was obtained by biotin labeling and subsequent detection of
nitrosothiol groups in the receptor molecule, using NB69 cell proteins
exposed to DEA/NO. The presence of nitrosothiol groups in the
immunoprecipitated EGFR indicated that the receptor contains
cysteine residues that can be S-nitrosylated and that the interaction
between NO and EGFR is indeed due to direct S-nitrosylation.
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Notwithstanding the large number of cysteine residues present in
the EGFR, the level of S-nitrosylation observed in the receptor from
NB69 cells was remarkably low, which suggested that only one or a
low number of cysteine residues are able to react with NO. This is not
surprising, as it is now well accepted that only particular nucleophiles
within a protein are targeted by NO, whereas others are left
unmodified [14,47–49]. Just to mention a few examples, S-nitrosyla-
tion of a single cysteine has been shown to be necessary and sufficient
to modify the activity of the N-methyl-D-aspartate receptor-channel
complex [50] or caspase 3 [51].

NO inhibition of EGFR auto(trans)phosphorylation requires C166 and
C305 residues

The structural factors that govern the modification of specific
cysteine residues in a protein by NO are now well understood. An
acid–base-catalyzed SNO/SH exchange reaction, in which the
targeted cysteine is surrounded by basic and acidic amino acid
residues, has been demonstrated to be the mechanism facilitating
this modification [26,52]. Based on these findings, the consensus
motif (K, R, H, D, E)-C-(D, E), which occurs in either the primary or
the tertiary structure of proteins, has been proven useful in
identifying S-nitrosylation sites. The extracellular domain of the
EGFR contains two cysteine residues surrounded by this motif in its
primary sequence: C166 and C305. In the intracellular portion of the
EGFR, close to the tyrosine kinase domain, C926 is surrounded as
well by a three-dimensional S-nitrosylation motif. Site-directed
mutagenesis of these three cysteine residues shows that the C166S
and C305S substitutions avoided and reduced, respectively, the NO-
mediated inhibition of the EGFR tyrosine kinase activity, whereas the
C926S substitution, as well as the serine substitution of four
additional cysteine residues located in the intracellular domain and
lacking the above-mentioned consensus motif, did not prevent such
inhibition. These results indicate that C166 and C305 are required for
NO to fully exert its inhibitory action on the EGFR tyrosine kinase
activity. Thus, our results strongly suggest that S-nitrosylation of
C166 and C305 is the mechanism responsible for the NO-induced
inhibition of the EGFR. Of interest, C166 and C305 S-nitrosylation
consensus sequences are conserved in the human, mouse, and rat
EGFR [53–55], which may underscore their potential physiological
significance.

Results obtained using X-ray diffraction analysis of the EGFR
extracellular region, as well as mass spectrometry of protease-
digested EGFR, have indicated that C166 and C305 residues may
form disulfide bonds with C175 and C309, respectively [56].
Energetically it would be extremely difficult for NO to S-nitrosylate
a cysteine residue involved in the formation of a disulfide bridge.
However, it has been recently established that there is a subclass of
disulfide bonds in the extracellular domains of some cell surface
receptors that can be cleaved in mature proteins, and when this
happens it has significant consequences for protein function
[reviewed in 57,58]. The first characterized example was a disulfide
bond in the extracellular region of the CD4 receptor, which is
reversibly cleaved on the cell surface by thioredoxin, a thiol–disulfide
oxidoreductase secreted by CD4+ T cells, and which plays a role in the
conformational changes required for fusion of HIV with the cell
membrane [57]. Therefore, we propose that the disulfide bridges at
C166–C175 and C305–C309may be reversible andmay participate in a
dithiolate–disulfide switch, involved in the regulation of EGFR. Only
when in the dithiolate conformationwould NO be able to S-nitrosylate
the corresponding cysteine residue.

In the extracellular domain of the EGFR there is a flexible mobile
loop flanked by two cysteine-rich regions [56]. Cysteine residues
within these regions form disulfide bonds with other cysteines in the
same region. The flexible loop participates in the ligand-induced
formation of the EGFRUEGFR dimer and therefore in receptor
activation [56,59]. The cysteine residues sensitive to NO, C166 and
C305, are located at both sides of this loop. It would be possible for
C166–C175 and C305–C309 disulfides to participate in stabilizing the
structure of the flexible loop and for S-nitrosylation of these two
residues to induce a conformational change in this region, disrupting
its capability to form the EGFR dimer and its subsequent activation.
According to this hypothesis our results show a lower activation of
the EGFR(C166S) and EGFR(C305S) mutants by EGF in the absence of
NO, suggesting that the inability of the mutants to form the
reversible disulfide bridges may somewhat affect the receptor
activity.

Downstream consequences of EGFR inhibition by NO

We have previously reported that in NPC, which express EGFR
and are EGF-dependent for survival and proliferation, DEA/NO
inhibition of EGFR auto(trans)phosphorylation is accompanied by a
parallel inhibition of EGF-induced Akt phosphorylation [22]. We
tried here to elucidate whether this downstream functional
consequence of EGFR inhibition would persist in cells transfected
with WT EGFR and be spared in cells transfected with NO-resistant
EGFR mutants. A drawback in this experiment was the basal Akt
phosphorylation found in the HEK293FT cells used for transfections
and the lack of further activation of this intracellular pathway by
addition of EGF. However, we consistently found that NO inhibited
Akt phosphorylation in WT-EGFR-transfected cells in the presence of
EGF, but not in its absence nor in mock-transfected cells. A possible
explanation is that, in the absence of the pair EGF/EGFR, the PI3K/Akt
pathway is activated by a mechanism independent of EGFR and,
therefore, it is not affected by NO. However, in the presence of EGF,
the pathway initiated by EGFR activation takes over in controlling
PI3K activity in those cells expressing the wild-type receptor, which
then become sensitive to the NO inhibitory action. The lack of
inhibition of Akt phosphorylation by NO in cells transfected with
C166S or C305S EGFR mutants and treated with EGF demonstrated
the cause–effect relationship between EGFR and Akt phosphoryla-
tions and the functional significance of the control of the receptor
activity by NO.

We propose that S-nitrosylation of the EGFR may regulate the
signal transmission initiated by EGFR ligands in cells that either
express some NOS isoforms or are located in the proximity of other
NO-producing cells. These findings may be relevant for a possible
pharmacological control of tumor cell growth in those oncogenic
processes that are related to dysfunction in EGFR activity or to the
expression of constitutively active mutated forms of EGFR, for
example, if a vector-mediated NOS transfection could be specifically
targeted to tumor cells. S-Nitrosylation of EGFR may also be the
molecular mechanism that explains why, in the adult mouse brain
subventricular zone, NO exerts a negative regulatory effect on
neurogenesis [60], a process that is clearly dependent on EGFR
activation [61].

Acknowledgments

This work has been supported by grants from the Fondo de
Investigaciones Sanitarias (00/1080), the Ministerio de Ciencia y
Tecnología (SAF2002–02131), and the Junta de Andalucía (CTS-2005/
883) to C.E. and grants from the Dirección General de Investigación,
Ministerio de Ciencia e Innovación (SAF2008–00986), the Consejería
de Educación de la Comunidad de Madrid (S-BIO-0170–2006), and the
European Commission (MRTN-CT-2005–19561) to A.V. We thank
Carlos Enrich (Universitat de Barcelona) for the generous gift of PAE/
EGFR-GFP cells, Axel Ullrich (Max-Planck-Institut für Biochemie) for
providing the EGFR expression vector, Lisardo Boscá for advice on the
S-nitrosylation detection procedure, and David González for technical
assistance.



478 M. Murillo-Carretero et al. / Free Radical Biology & Medicine 46 (2009) 471–479
References

[1] Villalobo, A. Nitric oxide and cell proliferation. FEBS J. 273:2329–2344; 2006.
[2] Villalobo, A. Enhanced cell proliferation induced by nitric oxide. Dyn. Cell Biol.

1:60–64; 2007.
[3] Garg, U. C.; Hassid, A. Nitric oxide-generating vasodilators and 8-bromo-cyclic

guanosine monophosphate inhibit mitogenesis and proliferation of cultured rat
vascular smooth muscle cells. Clin. Invest. 83:1774–1777; 1989.

[4] Garg, U. C.; Hassid, A. Nitric oxide-generating vasodilators inhibit mitogenesis and
proliferation of BALB/C 3T3 fibroblasts by a cyclic GMP-independent mechanism.
Biochem. Biophys. Res. Commun. 171:474–479; 1990.

[5] Punjabi, C. J.; Laskin, D. L.; Heck, D. E.; Laskin, J. D. Production of nitric oxide
by murine bone marrow cells: inverse correlation with cellular proliferation.
J. Immunol. 149:2179–2184; 1992.

[6] Maragos, C. M.;Wang, J. M.; Hrabie, J. A.; Oppenheim, J. J.; Keefer, L. K. Nitric oxide/
nucleophile complexes inhibit the in vitro proliferation of A375 melanoma cells
via nitric oxide release. Cancer Res. 53:564–568; 1993.

[7] Yim, C. Y.; Bastian, N. R.; Smith, J. C.; Hibbs Jr., J. B.; Samlowski, W. E. Macrophage
nitric oxide synthesis delays progression of ultraviolet light-induced murine skin
cancers. Cancer Res. 53:5507–5511; 1993.

[8] Lepoivre, M.; Flaman, J. M.; Bobe, P.; Lemaire, G.; Henry, Y. Quenching of the
tyrosyl free radical of ribonucleotide reductase by nitric oxide: relationship to
cytostasis induced in tumor cells by cytotoxic macrophages. J. Biol. Chem.
269:21891–21897; 1994.

[9] Estrada, C.; Gomez, C.; Martin-Nieto, J.; De Frutos, T.; Jimenez, A.; Villalobo, A.
Nitric oxide reversibly inhibits the epidermal growth factor receptor tyrosine
kinase. Biochem. J. 326:369–376; 1997.

[10] Nisoli, E.; Clementi, E.; Tonello, C.; Sciorati, C.; Briscini, L.; Carruba, M. O. Effects of
nitric oxide on proliferation and differentiation of rat brown adipocytes in primary
cultures. Br. J. Pharmacol. 125:888–894; 1998.

[11] Murillo-Carretero, M.; Ruano, M. J.; Matarredona, E. R.; Villalobo, A.; Estrada, C.
Antiproliferative effect of nitric oxide on epidermal growth factor-responsive
human neuroblastoma cells. J. Neurochem. 83:119–131; 2002.

[12] Ruano, M. J.; Hernández-Hernando, S.; Jiménez, A.; Estrada, C.; Villalobo, A. Nitric
oxide-induced epidermal growth factor-dependent phosphorylations in A431
tumour cells. Eur. J. Biochem. 270:1828–1837; 2003.

[13] González-Fernández, O.; Jiménez, A.; Villalobo, A. Differential p38 mitogen-
activated protein kinase-controlled hypophosphorylation of the retinoblastoma
protein induced by nitric oxide in neuroblastoma cells. Free Radic. Biol. Med.
44:353–366; 2008.

[14] Bauer, P. M.; Buga, G. M.; Fukuto, J. M.; Pegg, A. E.; Ignarro, L. J. Nitric oxide inhibits
ornithine decarboxylase via S-nitrosylation of cysteine 360 in the active site of the
enzyme. J. Biol. Chem. 276:34458–34464; 2001.

[15] Gu, M.; Lynch, J.; Brecher, P. Nitric oxide increases p21Waf1/Cip1 expression by a
cGMP-dependent pathway that includes activation of extracellular signal-
regulated kinase and p70S6k. J. Biol. Chem. 275:11389–11396; 2000.

[16] Kuzin, B.; Regulski, M.; Stasiv, Y.; Scheinker, V.; Tully, T.; Enikolopov, G. Nitric
oxide interacts with the retinoblastoma pathway to control eye development in
Drosophila. Curr. Biol. 10:459–462; 2000.

[17] Tanner, F. C.; Meier, P.; Greutert, H.; Champion, C.; Nabel, E. G.; Luscher, T. F. Nitric
oxide modulates expression of cell cycle regulatory proteins: a cytostatic strategy
for inhibition of human vascular smooth muscle cell proliferation. Circulation
101:1982–1989; 2000.

[18] Pervin, S.; Singh, R.; Chaudhuri, G. Nitric oxide-induced cytostasis and cell cycle
arrest of a human breast cancer cell line (MDA-MB-231): potential role of cyclin
D1. Proc. Natl. Acad. Sci. USA 98:3583–3588; 2001.

[19] Lander, H. M.; Hajjar, D. P.; Hempstead, B. L.; Mirza, U. A.; Chait, B. T.; Campbell, S.;
Quilliam, L. A. A molecular redox switch on p21ras: structural basis for the nitric
oxide–p21ras interaction. J. Biol. Chem. 272:4323–4326; 1997.

[20] Kim, S. O.; Xu, Y.; Katz, S.; Pelech, S. Cyclic GMP-dependent and -independent
regulation of MAP kinases by sodium nitroprusside in isolated cardiomyocytes.
Biochim. Biophys. Acta 1496:277–284; 2000.

[21] Lee, S. A.; Park, J. K.; Kang, E. K.; Bae, H. R.; Bae, K. W.; Park, H. T. Calmodulin-
dependent activation of p38 and p42/44 mitogen-activated protein kinases
contributes to c-fos expression by calcium in PC12 cells: modulation by nitric
oxide. Brain Res. Mol. Brain Res. 75:16–24; 2000.

[22] Torroglosa, A.; Murillo-Carretero, M.; Romero-Grimaldi, C.; Matarredona, E. R.;
Campos-Caro, A.; Estrada, C. Nitric oxide decreases subventricular zone stem cell
proliferation by inhibition of epidermal growth factor receptor and phosphoinosi-
tide-3-kinase/Akt pathway. Stem Cells 25:88–97; 2007.

[23] Rapoport, R. M.; Draznin, M. B.; Murad, F. Endothelium-dependent relaxation in
rat aorta may be mediated through cyclic GMP-dependent protein phosphoryla-
tion. Nature 306:174–176; 1983.

[24] Moreno-López, B.; Escudero, M.; Delgado-García, J. M.; Estrada, C. Nitric oxide
production by brain stem neurons is required for normal performance of eye
movements in alert animals. Neuron 17:739–745; 1996.

[25] Russwurm, M.; Koesling, D. Isoforms of NO-sensitive guanylyl cyclase. Mol. Cell.
Biochem. 230:159–164; 2002.

[26] Stamler, J. S.; Toone, E. J.; Lipton, S. A.; Sucher, N. J. (S)NO signals: translocation,
regulation, and a consensus motif. Neuron 18:691–696; 1997.

[27] Stamler, J. S.; Lamas, S.; Fang, F. C. Nitrosylation. the prototypic redox-based
signaling mechanism. Cell 106:675–683; 2001.

[28] Kashiba-Iwatsuki, M.; Kitoh, K.; Kasahara, E.; Yu, H.; Nisikawa, M.; Matsuo, M.;
Inoue, M. Ascorbic acid and reducing agents regulate the fates and functions of
S-nitrosothiols. J. Biochem. (Tokyo) 122:1208–1214; 1997.
[29] Jaffrey, S. R.; Erdjument-Bromage, H.; Ferris, C. D.; Tempst, P.; Snyder, S. Protein
S-nitrosylation: a physiological signal for neuronal nitric oxide. Nat. Cell Biol.
3:193–197; 2001.

[30] Romero-Grimaldi, C.; Gheusi, G.; Lledo, P. M.; Estrada, C. Chronic inhibition of
nitric oxide synthesis enhances both subventricular zone neurogenesis and
olfactory learning in adult mice. Eur. J. Neurosci. 24:2461–2470; 2006.

[31] Martínez-Ruiz, A.; Lamas, S. Detection and proteomic identification of S-
nitrosylated proteins in endothelial cells. Arch. Biochem. Biophys. 423:192–199;
2004.

[32] Stamos, J.; Sliwkowski, M. X.; Eigenbrot, C. Structure of the epidermal growth
factor receptor kinase domain alone and in complex with a 4-anilinoquinazoline
inhibitor. J. Biol. Chem. 277:46265–46272; 2002.

[33] Li, S.; Whorton, A. R. Regulation of protein tyrosine phosphatase 1B in intact cells
by S-nitrosothiols. Arch. Biochem. Biophys. 410:269–279; 2003.

[34] Lee, H. C.; An, S.; Lee, H.; Woo, S. H.; Jin, H. O.; Seo, S. K.; Choe, T. B.; Yoo, D. Y.; Lee,
S. J.; Hong, Y. J.; Park, M. J.; Rhee, C. H.; Park, I. C.; Hong, S. I. Activation of epidermal
growth factor receptor and its downstream signaling pathway by nitric oxide in
response to ionizing radiation. Mol. Cancer Res. 6:996–1002; 2008.

[35] Zhang, Z.; Kolls, J. K.; Oliver, P.; Good, D.; Schwarzenberger, P. O.; Joshi, M. S.;
Ponthier, J. L.; Lancaster, J. R. Activation of tumor necrosis factor-α-converting
enzyme-mediated ectodomain shedding by nitric oxide. J. Biol. Chem.
275:15839–15844; 2000.

[36] Seo, M. R.; Lee, M. J.; Heo, J. H.; Lee, Y. I.; Kim, Y.; Kim, S. Y.; Lee, E. S.; Juhnn,
Y. S. G protein βγ subunits augment UVB-induced apoptosis by stimulating the
release of soluble heparin-binding epidermal growth factor from human
keratinocytes. J. Biol. Chem. 282:24720–24730; 2007.

[37] He, Y. Y.; Council, S. E.; Feng, L.; Chignell, C. F. UVA-induced cell cycle progression is
mediated by a disintegrin and metalloprotease/epidermal growth factor receptor/
AKT/cyclin D1 pathways in keratinocytes. Cancer Res. 68:3752–3758; 2008.

[38] Wu,W.; O’Reilly,M. S.; Langley, R. R.; Tsan, R. Z.; Baker, C. H.; Bekele, N.; Tang, X.M.;
Onn, A.; Fidler, I. J.; Herbst, R. S. Expression of epidermal growth factor (EGF)/
transforming growth factor-α by human lung cancer cells determines their
response to EGF receptor tyrosine kinase inhibition in the lungs of mice. Mol.
Cancer Ther. 6:2652–2663; 2007.

[39] Chong, I. W.; Lin, S. R.; Lin, M. S.; Huang, M. S.; Tsai, M. S.; Hwang, J. J. Heparin-
binding epidermal growth factor-like growth factor and transforming growth
factor-alpha in human non-small cell lung cancers. J. Formos. Med. Assoc.
96:579–585; 1997.

[40] Luppi, F.; Longo, A. M.; de Boera, W. I.; Rabe, K. F.; Hiemstra, P. S. Interleukin-8
stimulates cell proliferation in non-small cell lung cancer through epidermal
growth factor receptor transactivation. Lung Cancer 56:25–33; 2007.

[41] Mayer, B.; Pfeiffer, S.; Schrammel, A.; Koesling, D.; Schmidt, K.; Brunner, F. A new
pathway of nitric oxide/cyclic GMP signaling involving S-nitrosoglutathione. J. Biol.
Chem. 273:3264–3270; 1998.

[42] Canals, S.; Casarejos, M. J.; de Bernardo, S.; Rodriguez-Martin, E.; Mena, M. A.
Glutathione depletion switches nitric oxide neurotrophic effects to cell death
in midbrain cultures: implications for Parkinson's disease. J. Neurochem.
79:1183–1195; 2001.

[43] Huang, A.; Xiao, H.; Samii, J. M.; Vita, J. A.; Keaney Jr., J. F. Contrasting effects of
thiol-modulating agents on endothelial NO bioactivity. Am. J. Physiol. Cell. Physiol.
281:C719–C725; 2001.

[44] Prasad, A.; Andrews, N. P.; Padder, F. A.; Husain, M.; Quyyumi, A. A. Glutathione
reverses endothelial dysfunction and improves nitric oxide bioavailability. J. Am.
Coll. Cardiol. 34:507–514; 1999.

[45] Beltran, B.; Orsi, A.; Clementi, E.; Moncada, S. Oxidative stress and S-nitrosylation
of proteins in cells. Br. J. Pharmacol. 129:953–960; 2000.

[46] He, J.; Wang, T.; Wang, P.; Han, P.; Yin, Q.; Chen, C. A novel mechanism underlying
the susceptibility of neuronal cells to nitric oxide: the occurrence and regulation
of protein S-nitrosylation is the checkpoint. J. Neurochem. 102:1863–1874; 2007.

[47] Park, H. S.; Huh, S. H.; Kim, M. S.; Lee, S. H.; Choi, E. J. Nitric oxide negatively
regulates c-Jun N-terminal kinase/stress-activated protein kinase by means of
S-nitrosylation. Proc. Natl. Acad. Sci. USA 97:14382–14387; 2000.

[48] Xu, L.; Eu, J. P.; Meissner, G.; Stamler, J. S. Activation of the cardiac calcium release
channel (ryanodine receptor) by poly-S-nitrosylation. Science 279:234–237;
1998.

[49] Mohr, S.; Stamler, J. S.; Brune, B. Posttranslational modification of glyceraldehyde-
3-phosphate dehydrogenase by S-nitrosylation and subsequent NADH attach-
ment. J. Biol. Chem. 271:4209–4214; 1996.

[50] Choi, Y. B.; Tenneti, L.; Le, D. A.; Ortiz, J.; Bai, G.; Chen, H. S. V.; Lipton, S. A.
Molecular basis of NMDA receptor-coupled ion channel modulation by S-
nitrosylation. Nat. Neurosci. 3:15–21; 2000.

[51] Mannick, J. B.; Hausladen, A.; Liu, L.; Hess, D. T.; Zeng, M.; Miao, Q. X.; Kane, L. S.;
Gow, A. J.; Stamler, J. S. Fas-induced caspase denitrosylation. Science 284:651–654;
1999.

[52] Pérez-Mato, I.; Castro, C.; Ruiz, F. A.; Corrales, F. J.; Mato, J. M. Methionine
adenosyltransferase S-nitrosylation is regulated by the basic and acidic amino
acids surrounding the target thiol. J. Biol. Chem. 274:17075–17079; 1999.

[53] Ullrich, A.; Coussens, L.; Hayflick, J. S.; Dull, T. J.; Gray, A.; Tam, A. W.; Lee, J.;
Yarden, Y.; Libermann, T. A.; Schlessinger, J.; Downward, J.; Mayes, E. L. V.; Whittle,
N.; Waterfield, M. D.; Seeburg, P. H. Human epidermal growth factor receptor
cDNA sequence and aberrant expression of the amplified gene in A431
epidermoid carcinoma cells. Nature 309:418–425; 1984.

[54] Petch, L. A.; Harris, J.; Raymond, V. W.; Blasband, A.; Lee, D. C.; Earp, H. S. A
truncated, secreted form of the epidermal growth factor receptor is encoded by an
alternatively spliced transcript in normal rat tissue. Mol. Cell. Biol. 10:2973–2982;
1990.



479M. Murillo-Carretero et al. / Free Radical Biology & Medicine 46 (2009) 471–479
[55] Avivi, A.; Lax, I.; Ullrich, A.; Schlessinger, J.; Givol, D.; Morse, B. Comparison of EGF
receptor sequences as a guide to study the ligand binding site. Oncogene
6:673–676; 1991.

[56] Garrett, T. P. J.; McKern, N.M.; Lou,M.; Elleman, T. C.; Adams, T. E.; Lovrecz, G. O.; Zhu,
H. J.; Walker, F.; Frenkel, M. J.; Hoyne, P. A.; Jorissen, R. N.; Nice, E. C.; Burgess, A. W.;
Ward, C. W. Crystal structure of a truncated epidermal growth factor receptor
extracellular domain bound to transforming growth factorα.Cell110:763–773; 2002.

[57] Hogg, P. J. Disulfide bonds as switches for protein function. Trends Biochem Sci.
28:210–214; 2003.

[58] Ottaviano, F. G.; Handy, D. E.; Loscalzo, J. Redox regulation in the extracellular
environment. Circ. J. 72:1–16; 2008.
[59] Ogiso, H.; Ishitani, R.; Nureki, O.; Fukai, S.; Yamanaka, M.; Kim, J. H.; Saito, K.;
Sakamoto, A.; Inoue, M.; Shirouzu, M.; Yokoyama, S. Crystal structure of the
complex of human epidermal growth factor and receptor extracellular domains.
Cell 110:775–787; 2002.

[60] Moreno-López, B.; Romero-Grimaldi, C.; Noval, J. A.; Murillo-Carretero, M.;
Matarredona, E. R.; Estrada, C. Nitric oxide is a physiological inhibitor of neurogenesis
in the adult mouse subventricular zone and olfactory bulb. J. Neurosci. 24:85–95;
2004.

[61] Doetsch, F.; Petreanu, L.; Caille, I.; García-Verdugo, J. M.; Alvarez-Buylla, A. EGF
converts transit-amplifying neurogenic precursors in the adult brain into
multipotent stem cells. Neuron 36:1021–1034; 2002.


	S-Nitrosylation of the epidermal growth factor receptor: A regulatory mechanism of receptor tyr.....
	Experimental procedures
	Reagents
	Cell cultures
	Cell proliferation assays
	Glutathione depletion experiments
	Site-directed mutagenesis
	Cell transfection
	Western blot analysis
	Identification of S-nitrosylated proteins

	Results
	NO inhibits proliferation in a wide variety of EGF-responsive cell types
	The EGFR is inhibited by physiological concentrations of endogenous NO
	The inhibitory effect of NO on ligand-induced EGFR activation was enhanced by glutathione deple.....
	The EGFR was S-nitrosylated in the presence of NO
	Identification of the cysteine residues targeted by NO in the EGFR
	NO decreases Akt phosphorylation in EGF-treated cells transfected with the WT EGFR but not with.....

	Discussion
	Both exogenously added and endogenously produced NO inhibits cell proliferation and EGFR auto(t.....
	Both exogenously added and endogenously produced NO S-nitrosylates the EGFR
	NO inhibition of EGFR auto(trans)phosphorylation requires C166 and C305 residues
	Downstream consequences of EGFR inhibition by NO

	Acknowledgments
	References




