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Abstract
Epidermal growth factor receptor (EGFR) exemplifies the family of receptor tyrosine kinases that
mediate numerous cellular processes including growth, proliferation and differentiation.
Moreover, gene amplification and EGFR mutations have been identified in a number of human
malignancies, making this receptor an important target for the development of anticancer drugs. In
addition to ligand-dependent activation and concomitant tyrosine phosphorylation, EGFR
stimulation results in the localized generation of H2O2 by NADPH-dependent oxidases. In turn,
H2O2 functions as a secondary messenger to regulate intracellular signaling cascades, largely
through the modification of specific cysteine residues within redox-sensitive protein targets,
including Cys797 in the EGFR active site. In this review, we highlight recent advances in our
understanding of the mechanisms that underlie redox regulation of EGFR signaling and how these
discoveries may form the basis for development of new therapeutic strategies to target this and
other H2O2-modulated pathways.

Activation of receptor tyrosine kinases (RTKs) by their respective extracellular ligands (e.g.
growth factors) initiates signaling cascades that regulate cellular proliferation,
differentiation, migration, and survival (1). Among the 58 RTKs identified in the human
genome, epidermal growth factor (EGF) receptor (EGFR) has served as the quintessential
model for understanding RTK biology in physiological signaling and cancer. EGFR, also
known as HER1 (or erbB1), is a transmembrane protein grouped into a subfamily that
consists of three additional, closely related receptors: HER2 (erbB2), HER3 (erbB3), and
HER4 (erbB4). EGFR is comprised of a glycosylated extracellular ligand-binding domain, a
transmembrane domain, and an intracellular domain containing its tyrosine kinase core. In
response to ligand (e.g. EGF) binding, EGFR forms homo- or heterodimers with other HER
family members, followed by autophosphorylation of key tyrosine residues located within
the tyrosine kinase domain (2). Once activated, EGFR relays the signal through a variety of
downstream intracellular signaling cascades, including the Ras/mitogen activated protein
kinase (MAPK) pathway or the phosphatidylinositol 3′ kinase (PI3K)/Akt pathway. Since
its discovery (3-6), EGFR has been widely studied in regards to its physiologic and
pathological settings. In particular, EGFR and related family members have been found to
be mutated or amplified in a number of human lung and breast cancers, rendering them an
attractive target for the development of therapeutics (7-9).
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Beginning in the 1990s, data from several research groups demonstrated that EGF binding to
EGFR triggered the production of endogenous hydrogen peroxide (H2O2) in cells (Fig. 1)
(10, 11). Moreover, it was also established that other growth factors [FGF (12), PDGF (13),
VEGF (14), insulin (15)], cytokines [TNF-α (12, 16), interleukin-1 (16)], and angiotensin II
(17) stimulate H2O2 generation. Although chronic exposure to high concentrations of H2O2
can lead to a cellular condition known as oxidative stress, cells can also utilize H2O2 as a
secondary messenger to regulate physiological signal transduction (18-21). H2O2 modulates
signaling pathways largely through the modification of specific cysteine residues located
within redox-sensitive protein targets (Fig. 2A). The direct product of the reaction between
H2O2 and a protein thiolate (RS−) is sulfenic acid (RSOH). Such protein “sulfenylation” is
reversible by thiol-disulfide oxidoreductases of the thioredoxin (Trx) superfamily
throughout the intracellular milieu and thus, constitutes a facile switch for modulating
protein function, akin to phosphorylation. Associated regulatory redox modifications of
cysteine include sulfenamides, nitrosothiols, disulfides, sulfinic, and sulfonic acids (Fig.
2B). Over the last several years, an increasing number of studies have demonstrated
important functional roles for protein sulfenic acids in cell signaling (22-26). In particular,
kinases and phosphatases are both known to undergo cysteine-based redox regulation (27,
28) and the collective efforts of many researchers have established that these enzymes are
regulated by endogenous H2O2 produced during EGF-mediated cell signaling (29).

In this review, we present a historical overview of EGFR and ligand-mediated production of
H2O2 as well as the molecular mechanisms involved in redox regulation of this signaling
pathway (Fig. 1). We begin by highlighting early studies linking EGFR activation to EGF-
induced H2O2 production. Subsequently, we address the effects of redox modulation on two
major pathways downstream of EGFR, Ras/MAPK and PI3K/Akt. Additionally, we discuss
the interplay between H2O2-mediated inactivation of protein tyrosine phosphatases (PTPs)
and kinase activation on net cellular levels of tyrosine (Tyr) phosphorylation. Key enzymes
involved in the generation and metabolism of H2O2 within EGFR signaling pathways will
also be covered. Finally, we focus on recent examples from the literature demonstrating
direct oxidation and regulation of EGFR by H2O2 and how these discoveries may form the
basis for development of new therapeutic strategies to target this and other H2O2-modulated
pathways.

Early Evidence for EGF-Mediated H2O2 Production and Redox Regulation of
EGFR Signaling

In 1995, Gamou and Shimizu published the first report to suggest a connection between
H2O2 and EGFR. In this study, the authors examined the effect of exogenously added H2O2
on EGFR phosphorylation (30). EGFR-hyper producing human squamous carcinoma NA
cells treated with H2O2 (0 – 1 mM) exhibited an increase in the incorporation of [32P]-
phosphate, albeit at half the signal observed for EGF-stimulated cells. On the basis of data
obtained from tryptic phosphopeptide mapping, this discrepancy was attributed to the fact
that H2O2 might preferentially enhance EGFR Tyr phosphorylation, whereas EGF
stimulation would trigger both serine/threonine (Ser/Thr) as well as Tyr receptor
phosphorylation.

During this same time frame (i.e. the mid-90s), the role of H2O2 expanded beyond the
traditional view as “toxic byproducts of aerobic metabolism” and began to emerge as
secondary messengers in physiological cell signaling. In order for H2O2 to serve as a
signaling molecule, its concentration must increase rapidly above the steady-state threshold
(i.e., high nanomolar to low millimolar) and remain elevated long enough for it to oxidize
protein effectors (31). In one of the earliest examples, platelet-derived growth factor (PDGF)
was shown to induce endogenous H2O2 generation, which is correlated with enhanced Tyr
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phosphorylation, activation of MAPK pathways, DNA synthesis, and chemotaxis (13).
These results suggested that H2O2 might act as a signaling molecule generated in response
to growth factor stimulation. Soon thereafter, Rhee and colleagues reported that addition of
EGF to EGFR-overexpressing human epidermoid carcinoma A431 cells significantly
elevated levels of intracellular reactive oxygen species (ROS) (10) as measured by 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) (32). Enzymes such as catalase, peroxiredoxins
(Prxs), and glutathione peroxidases (Gpxs) scavenge endogenous H2O2 by catalyzing the
dismutation (catalase) or reduction (Prxs, Gpxs) of H2O2 (33, 34). Introduction of
exogenous catalase in EGF-stimulated A431 cells by electroporation attenuated the
intracellular build-up of ROS, suggesting that H2O2 was the major ROS involved in EGF-
dependent signal transduction (10). EGF-induced increases in Tyr phosphorylation levels of
PLC-γ1, a well-characterized physiological substrate of EGFR, were also blunted by
catalase incorporation. Although the precise role and/or target(s) of H2O2 generated for
EGFR signaling were not directly addressed in this study, the authors proposed that
inhibition of cysteine-dependent PTPs by H2O2 may be required to increase the steady-state
level of protein Tyr phosphorylation. This landmark contribution by Rhee and coworkers set
the stage for delineating the molecular details underlying redox regulation of EGFR
signaling.

In a separate study, Goldkorn et al. reported that exogenous H2O2 stimulated EGFR tyrosine
kinase activity and increased receptor half-life (35). Experiments performed in A549 human
lung adenocarcinoma epithelial cells and isolated membrane fractions showed an increase in
EGFR Tyr autophosphorylation levels when treated with H2O2 (0 – 200 PM), and also
markedly enhanced receptor activation in conjunction with the native EGF ligand. Pulse-
chase experiments with [35S]-methionine revealed that EGFR half-life was ~8 h when
treated with EGF, whereas H2O2 treatment extended receptor half-life to 18 h (combined
treatment with EGF and H2O2 yielded a half-life of 12 h). Additionally, two-dimensional
phosphoamino acid analysis corroborated earlier findings (30) that the phosphorylation site
distribution was shifted predominantly towards Tyr after exposure to H2O2. On the basis of
these data, the authors of this study postulated that EGF- and H2O2-induced receptor
activation may have separate functions and represent an alternate mechanism by which
EGFR signaling can be tuned in parallel to treatment with its native ligand.

The Effect of H2O2 on Signaling Networks Downstream of EGFR
After ligand binding, EGFR transmits activation signals to prominent downstream cascades,
including the Ras/MAPK and PI3K/Akt pathways (Fig. 3A). In addition to the overall
increase in Tyr autophosphorylation of EGFR, the endogenous generation of H2O2 also
appears to modulate the activity of these two signaling routes. Receptor activation initiates
the Ras-Raf-MEK-Erk1/2 signaling module through recruitment of Src homology 2 domain-
containing (SHC) adaptor protein, growth factor receptor-bound protein 2 (Grb2), and a
guanine nucleotide exchange protein (SOS) to form the SHC-Grb2-SOS complex, a process
stimulated by elevated intracellular H2O2 (36). Once associated with the receptor, SOS
facilitates guanine nucleotide exchange to activate Ras, which subsequently activates a
kinase cascade including Raf (MAP3K), MEK (MAP2K), and Erk1/2 (MAPK). Oxidative
stress is known to influence the MAPK signaling pathways, but little is known about the
molecular mechanisms responsible for such effects (37). For example, Erk1/2 is activated in
response to exogenous H2O2, which enhances cell survival after oxidant injury (38, 39). On
the other hand, it is not known whether the activity of Erk1/2 kinase is directly modulated by
ROS.

EGFR also transmits signals through the PI3K/Akt pathway (40). In response to EGF
stimulation, PI3K increases the levels of phosphatidylinositol 3,4,5-trisphosphate (PIP3),
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which leads to recruitment and activation of serine/threonine kinase, Akt at the plasma
membrane (41, 42). Activity of the PI3K/Akt pathway is balanced by action of the opposing
lipid phosphatase, PTEN, which will be discussed in later sections of this review. In cells
overexpressing the NADPH oxidase isoform Nox1, increased endogenous H2O2 production
elevates intracellular PIP3 levels and consequently abrogates the ability of PTEN to promote
downstream signaling (43). EGFR-dependent activation of Akt has also been shown to
enhance cell survival during oxidative stress-induced apoptosis, analogous to Erk1/2 (44).
Interestingly, structural analysis by x-ray crystallography has revealed that Akt2 can form an
intramolecular disulfide bond between two cysteines in the activation loop, which inhibits
the kinase (45). Overexpression of glutaredoxin (Grx) has been shown to protect Akt against
H2O2-induced oxidation, resulting in sustained phosphorylation of Akt and inhibition of
apoptosis (46). A more recent study is indicative of isoform-specific regulation of Akt by
PDGF-induced H2O2 (47). In particular, the authors demonstrate that Akt2 Cys124
undergoes sulfenic acid modification during growth factor signaling, which inactivates the
kinase.

EGFR activation can also occur through a process known as trans-activation. In this
scenario, ligand-inaccessible RTKs may still initiate downstream signaling in lieu of ligand-
receptor induced activation. Production of H2O2 induced by other ligands such as
angiotensin II activates c-Src, a redox-regulated kinase (48). In turn, EGFR undergoes
activation through c-Src initiated receptor Tyr phosphorylation to propagate downstream
signaling (48-50). Neighboring EGFR kinases may then undergo activation in a lateral-
based mechanism. Trans-activation represents another level by which EGFR activity can be
modulated by H2O2. In addition, other studies have implicated oxidative inactivation of
PTPs in promoting EGFR trans-activation (51).

The Interplay of Reversible Tyrosine Phosphorylation and Redox-
Dependent Signaling

Regulation of tyrosine phosphorylation depends on the delicate balance between the action
of protein kinases and phosphatase (Fig. 3B, and C). In EGFR signaling, the coordinated
regulation of this equilibrium allows for rapid response to changing growth factor levels,
whereas dysregulated kinase and phosphatase activity can have severe pathological
consequences such as cancer, diabetes, and inflammation (52, 53). Because the balance of
these two opposing forces is a central event in cell signaling, it is not surprising that
phosphatase as well as kinase activities are tightly regulated at several levels, including
cysteine-based redox modulation. In large part, owing to early studies carried out by Denu
and Tanner (54), attention rapidly focused on PTPs as the direct targets of H2O2 (Fig. 3D).
The PTP superfamily contains a signature motif, (I/V)HCXXGXXR(S/T), which includes an
invariant cysteine residue that functions as a nucleophile in catalysis. The catalytic cysteine
of PTPs is characterized by a low pKa value ranging from 4.6 – 5.5 due to the unique
electrostatic environment of the active site, which also renders the enzyme susceptible to
inactivation by reversible oxidation (55, 56). Second-order rate constants for oxidation of
the PTP cysteine thiolate by H2O2 have been measured in vitro and range from 10 to 160
M−1 s−1 (54, 57, 58).

Protein tyrosine phosphatase 1B (PTP1B) functions as a negative regulator of the EGFR
signaling pathway by directly targeting phosphorylated tyrosine residues that control
signaling output (59-62). Given that PTP1B is localized exclusively to the cytoplasmic face
of the endoplasmic reticulum (ER), it has been proposed to dephosphorylate activated EGFR
at sites of contact between the ER and plasma membranes or upon trafficking of internalized
EGFR in close proximity to the ER (63, 64). Studies reported in 1998 provided the first
indication that EGF-mediated H2O2 production is correlated with oxidation and inactivation
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of PTP1B (65). Incorporation of radiolabeled iodoacetic acid (IAA) – a sulfhydryl-
modifying reagent that reacts with active site Cys215 of PTP1B (54) – was decreased in
PTP1B after EGF stimulation of A431 cells, consistent with oxidation of this essential
residue. Conversely, treatment with dithiothreitol (DTT), thioredoxin (Trx), or glutaredoxin
(Grx) as reductants readily reversed PTP1B inhibition. Interestingly, assays with
recombinant protein indicated that the Trx system functioned more efficiently as an electron
donor for PTP1B reactivation, as compared to Grx or glutathione (GSH), suggesting that Trx
may function as the physiological reductant (54).

The phosphatase and tensin homologue (PTEN) is another PTP known to maintain a closely
intertwined relationship with EGFR. PTEN exhibits dual protein and lipid phosphatase
activity and functions as a negative regulator of the PI3K/Akt signaling pathway (66), one of
the two major signaling routes downstream of EGFR. PTEN contains five cysteine residues
in its catalytic domain and undergoes reversible inactivation by H2O2 (67). Site-directed
mutagenesis and mass spectrometry indicated that Cys124 was the primary target of H2O2,
yielding a sulfenic acid intermediate that condenses with Cys71 to form an intramolecular
disulfide bond (68). Cellular studies also point to a connection between growth factor-
induced generation of H2O2 and reversible inactivation of PTEN. For example, EGF
stimulation of cells results in elevated levels of oxidized PTEN in lysates, as indicated by an
electrophoretic mobility shift assay that reports on disulfide formation (69). In an alternative
approach, protein thiols are alkylated by N-ethylmaleimide (NEM) in lysates generated from
growth factor stimulated cells. Reversibly oxidized protein thiols are then reduced with DTT
and alkylated with biotin-conjugated maleimide. This method was used to examine
reversible oxidation of PTEN in response to EGFR activation (69). Together, these studies
indicate that EGF-induced activation of PI3K correlates with inactivation of the opposing
phosphatase, PTEN. In this way, PTEN inactivation by endogenous H2O2 serves as a
positive feedback loop to enhance PIP3 accumulation/Akt activation during EGFR signaling.

SHP2 and DEP-1 represent two additional phosphatases that have been shown to interact
with EGFR. SHP2 directly associates with EGFR through its SH2 domains and regulates
receptor interactions with downstream signaling components such as Ras (70). Co-
localization of SHP2 with EGFR occurs at low nanomolar concentrations (4 ng/ml) of EGF,
and was identified as the most sensitive PTP in response to signal-derived H2O2 (71). It is
unknown if DEP-1 co-localizes with EGFR intracellularly, albeit evidence implicates in
vitro oxidation of DEP-1 (72).

Generation and Metabolism of H2O2 During EGFR Signaling
The family of NADPH oxidase (Nox) enzymes and their dual oxidase counterparts (Duox)
generate superoxide by transferring electrons from cytosolic nicotinamide adenine
dinucleotide phosphate (NADPH) to molecular oxygen (73). Once it is generated,
superoxide is dismutated spontaneously (~105 M−1 s−1 at pH 7) or enzymatically by
superoxide dismutase (SOD; ~109 M−1 s−1) to H2O2 and molecular O2 (74, 75). The
prototypical Nox isoform, Nox2 (also known as gp91phox) was originally identified and
characterized in macrophages and neutrophils, where it functions as an integral part of the
innate immune system (76). The active form of Nox2 exists as a multi-subunit complex,
consisting of the membrane-bound cytochrome b558 (gp91phox and p22phox), several
cytosolic proteins (p47phox, p40phox, p67phox), and the small GTPase Rac1. Since the initial
discovery of Nox2, other Nox homologues (Nox 1-5 and Duox 1-2) have been identified in
almost every cell type, localized both to the plasma membrane (where they produce
superoxide extracellularly) as well as intracellular organelles, and serve as major sources of
H2O2 for signaling (77-79).
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Several Nox isoforms play a critical role in EGFR-mediated signaling cascades. For
example, Park et al. demonstrated that the PI3K pathway constitutes a positive feedback
loop for Nox1 activation in growth factor-stimulated cells (43). This study demonstrated that
the Rac-guanine nucleotide exchange factor (GEF) βPix is required for and also augments
EGF-induced generation of H2O2. In this loop, β-Pix and activated Rac1 bind to the C-
terminal region of Nox1, relieving auto-inhibitory constraints. Independent studies have also
shown that phosphorylation of Nox activator 1 (NOXA1) on Ser282 by Erk1/2 kinases and
on Ser172 by protein kinases C and A decreases Rac1 binding to down-regulate Nox1 (80,
81).

Nox4 is an isoform that regulates the activity of internalized EGFR. Keaney and colleagues
report that Nox4 is localized to the ER in vascular endothelial cells where it appears to
regulate the activity of PTP1B in a spatially dependent manner (82). Nox4-dependent
oxidation of PTP1B required co-localization of both proteins in the ER, as shown by
targeting PTP1B to the cytoplasm. Importantly, the study also demonstrated that Nox4-
dependent oxidation and inactivation of PTP1B is correlated with reduced phosphorylation
of EGFR in proximity to the ER. The significance of co-localization was also verified by
ER-targeting of the antioxidant enzyme, catalase. Lastly, EGF-stimulation of A431 cells
leads to specific complex formation between Nox2 and EGFR, as demonstrated by co-
immunoprecipitation experiments (71).

Superoxide dismutase 1 (SOD1) is another enzyme involved in redox mediation of growth
factor signaling. SOD1 is an abundant copper/zinc enzyme located in the cytoplasm and
belongs to the SOD family of enzymes. Other members of this family include mitochondrial
SOD2 (manganese) and extracellular SOD3 (copper/zinc). Although superoxide can
spontaneously dismutate to form H2O2, the second-order rate constant of the reaction is
enhanced over 10,000-fold by SOD (74, 75). Indeed, SODs catalyze the conversion of
superoxide into H2O2 and molecular O2 to maintain superoxide at low steady-state
concentration (~10−10 M) (83, 84). Inhibition of SOD1 by the tetrathiomolybdate inhibitor,
ATN-224, increases the intracellular concentration of superoxide at the expense of H2O2
production, thereby attenuating EGFR and Erk1/2 phosphorylation (85).

Membrane transport represents another important mechanism to modulate endogenous H2O2
produced during EGFR signaling. Early studies demonstrated that EGF stimulation of cells
leads to a rapid increase in the concentration of extracellular H2O2 and that the addition of
catalase to culture medium was sufficient to inhibit EGFR autophosphorylation (86, 87).
These findings raise the question of how extracellularly generated H2O2 could mediate
intracellular signaling pathways. Although it had been largely assumed that H2O2 could
diffuse across cellular membranes, more recent evidence indicates that H2O2 may
preferentially enter the cell through specific plasma membrane aquaporin channels (88-90).
Collectively, these studies suggest that the number or type of aquaporins expressed on the
cell surface might modulate the level of intracellular H2O2 available for signaling.

Efforts have also focused on delineating mechanisms to regulate intracellular H2O2 levels
during EGF-mediated signaling. In this regard, superoxide dismutases, catalase, and other
peroxidases all function to protect cells against undue oxidative stress. Prxs are a family of
thiol-based peroxidases that catalyze the dismutation of H2O2 into water and molecular
oxygen (91). Prx possesses two cysteines that transiently oxidize to form a disulfide as it
metabolizes H2O2. The disulfide in Prx is subsequently reduced by the protein disulfide
reductase, Trx, to complete the catalytic cycle. Overexpression of the PrxII isoform reduces
EGF-induced intracellular H2O2 levels (92). Another study demonstrated that PrxII
overexpression is associated with a decrease in EGF-induced cellular PIP3, whereas a
dominant negative (DN) form of PrxII increased PIP3 levels, presumably by H2O2
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modulation of PTEN redox state (69). Similarly, overexpression of another antioxidant
enzyme, glutathione peroxidase-1 (Gpx1), decreased Tyr phosphorylation of EGFR,
activation of Akt, and cellular proliferation (93). In addition to SODs and peroxidases, cells
rely on the glutaredoxin/glutathione (Grx/GSH), Trx/thioredoxin reductase (Trx/TrxR), and
glutathione/glutathione reductase (GSH/GSR) buffering systems. For example, EGFR
signaling is associated with subcellular compartmental oxidation of Trx1. Dean and
colleagues have measured the redox states of cytosolic and nuclear Trx1 and mitochondrial
Trx2 using redox Western blot methods during endogenous H2O2 production induced by
EGF signaling (94). Interestingly, results from this study showed that only the cytoplasmic
Trx1 pool undergoes significant oxidation in response to growth factor treatment.
Furthermore, the GSH/GSSG redox couple, which was also examined in this study, did not
undergo oxidation. This work suggests that physiological H2O2 generation in response to
EGF signaling is specifically associated with oxidation of the Trx1 system and not the GSH
system. However, whether Trx1 oxidation is part of the signaling mechanism itself or simply
results from peroxidase-dependent termination of the redox signal remains an active area of
investigation.

The estimated intracellular steady-state concentration of H2O2 hovers in the low-nanomolar
to low-micromolar range (31). Then again, these estimates assume that H2O2 is uniformly
distributed throughout the cell. Given that the source of H2O2 produced for EGF signaling
(e.g. Nox enzymes) are localized to specific regions of the cell, it stands to reason that signal
mediated changes in H2O2 concentration may not be homogenous throughout the cell.
Rather, the oxidant concentration near a source of generation must achieve high local
concentrations to function effectively as a second messenger. A growing body of research
has focused on delineating the mechanisms that facilitate localized rises in intracellular
H2O2 during growth factor signaling. Although the cell contains millimolar concentrations
of GSH, it reacts too slowly with H2O2 to provide much buffering capacity (95). By
contrast, Prxs are extremely efficient at H2O2 elimination, reducing H2O2 at second-order
rate constants of 105-108 M−1s−1 (96, 97). Recent work reported by the Rhee laboratory has
shown that membrane localized PrxI can be deactivated by phosphorylation in EGF-
stimulated cells and in mice during wound healing (98). Knockdown experiments suggested
that c-Src kinase is at least partially responsible for PrxI phosphorylation. RTK activation
(e.g. PDGFR) can also lead to overoxidation of the PrxII isoform catalytic cysteine to
sulfinic acid, resulting in a transiently inactivated protein (98). Collectively, these studies
demonstrate that selective inactivation of PrxI and PrxII allows for transient H2O2
accumulation around plasma membranes where signaling components are concentrated,
while simultaneously preventing toxic accumulation of ROS elsewhere in the cell during
EGF signaling (Fig. 4). Other mechanisms to modulate localized redox buffering capacity
surely await discovery.

Regulation of Intrinsic EGFR Tyrosine Kinase Activity Through Cysteine
Oxidation

As outlined above, a growing body of evidence demonstrates that EGFR activity and
downstream signaling pathways are regulated by redox-based mechanisms. Up until this
point we have only considered downstream events that enhance the overall extent of EGFR
activation, such as PTP inactivation. We have also highlighted key regulatory themes in
redox signaling, including co-localization of sources/targets of H2O2 and modulation of
local redox buffering capacity. Until recently, there was scant evidence to indicate that the
intrinsic tyrosine kinase activity of EGFR itself might be regulated by endogenous H2O2
produced during cell signaling (99-101). In the section below, we recount recent work from
our own laboratory, which has demonstrated that EGFR is directly modulated by
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endogenous H2O2, as well as studies from other groups that hint at the possibility of
modification by reactive nitrogen species (RNS).

Previous data from our group demonstrated that breast cancer cells associated with increased
expression of EGFR is correlated with a substantial increase in protein sulfenylation (102).
Prompted by this observation, we conducted a more detailed investigation of EGF-induced
protein sulfenylation in A431 cells (71). Facilitating these studies, we have recently
described a new technology that allows for the detection and visualization of sulfenylation
proteins within intact cells (103-106), thereby circumventing concerns associated with the
analysis of lysates/homogenates including limited spatial-temporal resolution and oxidation
artifacts inherent to the lysis procedure (107). Inspired by earlier work demonstrating the
selective reaction of 5,5-dimethyl-1,3,-cyclohexanedione (commercially known as
dimedone) with protein sulfenic acids (108) (Fig. 5A), we developed a suite of bi-functional
probes that contain a membrane-permeable analog of dimedone coupled to an azide or
alkyne chemical handle (Fig. 5B). An orthogonally functionalized biotin or fluorescent tag
can be appended post-cell labeling for detection via the Staudinger ligation (109) or Huisgen
[3+2] cycloaddition also known as click chemistry (110). Overall, this general approach
provides a facile method for monitoring protein sulfenylation directly in living cells (Fig.
5C).

Employing this method, we demonstrated that EGFR undergoes sulfenylation in response to
EGF addition, even at low-nanomolar concentrations of growth factor (71) (Fig. 6A).
Reciprocal immunoprecipitation analysis also showed that EGFR and Nox2 became
associated in an EGF-dependent fashion (71). The intracellular kinase domain of EGFR
contains six cysteine residues, one of which (Cys797) is located in the ATP-binding pocket
(Fig. 6B) and is conserved among nine additional receptor and non-receptor tyrosine kinases
(Fig. 6C) (111). Given its active site location and conservation, we hypothesized that
Cys797 might be preferentially targeted by endogenous H2O2. Of particular relevance, this
residue is selectively targeted by irreversible EGFR inhibitors, such as afatinib, extensively
used in basic research and clinical trials for breast and non-small cell lung cancers (112,
113). Consistent with this proposal, pre-treatment of cells with inhibitors that irreversibly
modify Cys797 prevented sulfenylation of EGFR. Mass spectrometry was subsequently used
to verify Cys797 as the specific site of oxidation. Finally, oxidation of Cys797 increased
EGFR kinase activity by approximately five-fold. To put these findings into context, a
comparable degree of stimulation is observed for L858R and T790M oncogenic EGFR
mutations (114-116). Beyond the A431 cell line model, recent studies in our group also
indicate that wild type and several activated mutant EGFR kinases undergo sulfenylation in
both lung and breast tumors (T.H.T. and K.S.C., unpublished data). Hence, it appears that
oxidation of specific residues in PTPs (catalytic Cys) and EGFR (Cys797) both contribute to
an increase in downstream signaling (Fig. 6A). Current work is directed toward
understanding the molecular mechanism by which sulfenylation of EGFR Cys797 enhances
kinase activity. The proximity of Cys797 to the ATP ligand as well as the C-helix and
activation segment raises the possibility of transition state stabilization and/or destabilization
of its auto inhibited conformation (116).

We have also applied our chemical biology approach to monitor global changes in EGF-
dependent protein sulfenylation (71). Interestingly, growth factor addition led to widespread
changes in protein sulfenylation within cells. EGF induced cysteine oxidation in a dose- and
time-dependent manner and was accompanied by concomitant fluxes in intracellular H2O2.
Additional experiments showed that treatment with cell-permeable PEGylated catalase
attenuated EGF associated changes in protein sulfenylation, underscoring the importance of
endogenous H2O2. Although sulfenylation of EGFR (and several PTPs) were the focus our
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recent study (71), many protein targets of EGF-induced endogenous H2O2 remain to be
identified and will necessitate large-scale proteomic analysis.

Remarkably, a number of studies indicate that EGFR may also undergo modulation by RNS
at cysteine residues distinct from Cys797. Reaction of cysteine thiols with RNS, such as
nitric oxide (NO), generates nitrosothiols (S-NO). This process, known as S-nitrosylation, is
a well-established reversible post-translational cysteine modification and has been
implicated in proliferative and anti-proliferative cellular effects (117). The approach most
often used to identify protein nitrosothiols is known as the biotin switch technique (BST)
(118). The BST is an indirect method whose success relies heavily on the alkylation of free
thiols and the selectivity/efficiency of the ascorbate reducing agent towards nitrosothiols
(119, 120). Nonetheless, this method was utilized in two separate studies reporting S-
nitrosylation of EGFR. Treatment of several cell types with one millimolar of an exogenous
nitric oxide (NO) donor 1,1-diethyl-2-hydroxy-2-nitrosohydrazine (DEA-NO) inhibited
EGFR autophosphorylation (121, 122). Serine mutation of EGFR Cys166, located in the
extracellular domain, rendered the receptor resistant to NO-induced inhibition.
Alternatively, another cysteine residue located at the extracellular EGFR ligand-binding
interface undergoes nitrosylation after exposure to one millimolar of exogenous NO donor
S-nitroso-L-cysteine (Cys-NO) (123). S-nitrosylation of these residues may inhibit EGFR-
mediated signaling by interfering with the ligand interaction site, although this proposal
awaits evaluation. By contrast, a more recent study demonstrates that S-nitrosylation
induced by the chemical NO donor (Z)-1-[N-2-aminoethyl)-N-(2-ammonioethyl)amino]
diazen-1-ium-1,2-diolate known as DETA-NO can upregulate EGFR signaling and
correlates with a transformed breast cancer phenotype (124, 125). An important area for
future research is to determine whether EGFR undergoes direct S-nitrosylation in response
to physiological stimuli.

Future Perspectives
Of the ~95 receptor and non-receptor PTKs in the human genome, nine additional members
harbor a cysteine residue that is structurally homologous to EGFR Cys797 (Fig. 6C),
including two EGFR subfamily members, HER2 and HER4. Although speculative at this
time, it is possible that this group of kinases is regulated by oxidation of this residue. EGFR
Cys797 and its structural analogues are located at the N-terminal end of an alpha helix, also
known as the Ncap position. Interestingly, cysteine is the most sparsely occurring Ncap
residue in natural proteins, comprising less than 1% of all these positions (126). Interaction
of a cysteine located at the Ncap position with the helix dipole can drastically lower thiol pKa
and increases its reactivity (127, 128). Of note, the Ncap effect has also been attributed to the
reactivity of the human PrxI catalytic cysteine (98). Another subfamily of PTKs, which
includes cytoplasmic Src and FGFR1, contains a cysteine located within a glycine rich loop
that interacts with the γ-phosphate of ATP (129). Oxidation of this residue inhibits the
kinase activity of c-Src and FGFR1 in vitro; however neither kinase has been confirmed as a
direct target of endogenous H2O2 in cells. Over 150 kinases have a cysteine in or around the
nucleotide-binding site, some of which may play similar regulatory roles. However, much
more work will be required to define the scope and molecular details underlying the redox-
regulated kinome.

EGFR is mutated or amplified in a number of human carcinomas including breast and lung
cancers, which has motivated the development of selective kinase inhibitors, including
analogs that covalently modify Cys797 and are currently in Phase II and III clinical trials
(130). The recent finding that EGFR Cys797 undergoes sulfenic acid modification (71) and
that elevated EGFR and HER2 in cancer cells correlates with a substantial increase in global
protein sulfenylation (71), raises several fundamental questions vis-à-vis cysteine oxidation
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and thiol-targeted irreversible inhibitors. For example, the acrylamide moiety of irreversible
EGFR inhibitors undergoes Michael addition with Cys797 in its thiol form, but these
inhibitors would not react with the sulfenic acid or other cysteine chemotypes (Fig. 7A).
Thus, oxidation of Cys797 could affect the potency of these inhibitors, particularly under
conditions of oxidative stress often associated with cancer. On the other hand, the sulfenic
acid moiety represents an entirely new opportunity in covalent inhibitor design whereby the
electrophilic S-atom is targeted using a nucleophilic warhead (Fig. 7B). In this approach, the
propensity for specific cysteine residues in kinases, and other therapeutically important
proteins, to undergo sulfenylation could be exploited for the development of inhibitors that
target this unique modification, similar to the proof-of-concept compounds we have recently
reported to target oxidized PTPs (131).

Conclusions
The perspectives presented here highlight the emerging and rapidly expanding role of redox
regulation during EGFR signaling. These studies point to the unique chemistry of reactive
cysteine residues within specific target proteins, including EGFR. These redox reactions
enable covalent regulation of protein function, much like phosphorylation. The expanding
array of modifications that target cysteine suggests that we are just beginning to understand
the molecular basis for specificity of redox signaling. One theme that has consistently
emerged in numerous studies is the co-localization of the oxidant sources with the redox-
regulated target protein. As case in point, ligand activation triggers the association of EGFR
and the NADPH oxidase, Nox2. We have also tried to emphasize the value of selective and
cell-permeable chemical approaches to elucidate regulatory mechanisms that govern H2O2-
mediated sulfenylation of proteins. In addition, we are just beginning to appreciate that
different biological oxidants may target distinct cysteine residues in the same protein and
thus lead to unique regulatory outcomes. Given that aberrant sulfenylation of proteins is
linked to aggressive cancer phenotypes and that genetic lesions in H2O2-metabolizing
enzymes can contribute to tumorigenesis, defining mechanisms that control reversible
protein sulfenylation will be vital to understanding both human physiology and disease.
Finally, it is hoped that the discovery of EGFR as a direct target of H2O2 will lead to a
broader examination of the redox-regulated kinome and the development of an orthogonal
nucleophilic strategy for covalent inhibition of therapeutically important proteins.
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Abbreviations

RTK receptor tyrosine kinase

PTK protein tyrosine kinase

PTP protein tyrosine phosphatase

EGF epidermal growth factor

EGFR EGF receptor

MAPK mitogen activated protein kinase

PI3K phosphatidylinositol 3′ kinase

PTEN phosphatase and tensin homologue
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PIP3 phosphatidylinositol (3,4,5) triphosphate

H2O2 hydrogen peroxide

ROS reactive oxygen species

Tyr tyrosine

Ser serine

Thr threonine

Nox NADPH oxidase

NADPH nicotinamide adenine dinucleotide phosphate

SOD superoxide dismutase

Prx peroxiredoxin

Gpx glutathione peroxidase

Grx glutaredoxin

GSH glutathione

GSR glutathione reductase

Trx thioredoxin

TrxR thioredoxin reductase

ER endoplasmic reticulum

DTT dithiothreitol

IAA iodoacetic acid

IAM iodoacetamide

NEM N-ethylmaleimide

DCFH-DA 2′, 7′-dichlorofluorescein diacetate

DN dominant-negative

RNS reactive nitrogen species

NO nitric oxide
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Figure 1.
Timeline outlining key events and discoveries relating to redox regulation of EGFR
signaling through cysteine oxidation.
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Figure 2.
Oxidative modification of cysteine residues by hydrogen peroxide (H2O2). (A) The initial
reaction product of a thiolate with H2O2 yields sulfenic acid (RSOH). This modification,
also known as sulfenylation, is reversible and can be directly reduced back to the thiol form
or indirectly through disulfide bond formation. (B) Sulfenic acids can be stabilized by the
protein microenvironment and/or undergo subsequent modification. For example, they can
condense with a second cysteine in the same or different protein to generate a disulfide
bond. Alternatively, reaction with the low molecular weight thiol glutathione (GSH, red
circle) affords a mixed disulfide through a process known as S-glutathionylation. In a few
proteins, such as PTP1B, nucleophilic attack of a backbone amide on RSOH results in
sulfenamide formation. Sulfenyl groups can also oxidize further to the sulfinic (RSO2H)
and/or sulfonic (RSO3H) acid form under conditions of high oxidative stress.
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Figure 3.
EGFR signaling pathways and general mechanisms for thiol-based redox modulation of
signaling proteins. (A) EGF binding to EGFR induces receptor dimerization, followed by
autophosphorylation of tyrosine (Tyr) residues (red circles) within its cytoplasmic domain.
In turn, these phosphorylated Tyr residues serve as docking sites for associating proteins to
activate a number of downstream signaling cascades. Two such pathways, Ras/ERK and
PI3K/AKT, are shown here for simplicity. The EGF-EGFR interaction also triggers the
assembly and activation of NADPH oxidase (Nox) complexes, followed by subsequent
production of H2O2 through spontaneous dismutation or action of SOD. Once formed,
endogenous H2O2 may pass through specific aquaporin (AQP) channels and/or diffuse
across the membrane to reach the intracellular cytosol. Transient increases in H2O2 leads to
the oxidation of local redox targets. (B) Model for redox-dependent signal transduction.
Protein tyrosine kinases (PTKs) catalyze the transfer of γ-phosphoryl groups from ATP to
tyrosine hydroxyls of proteins, whereas protein tyrosine phosphatases (PTPs) remove
phosphate groups from phosphorylated tyrosine residues. PTPs function in a coordinated
manner with PTKs to control signaling pathways to regulate a diverse array of cellular
processes. (C) Regulatory cysteines in protein kinases can undergo oxidation/reduction to
modulate their function. Depending on the kinase, redox modifications can stimulate or
inhibit function. (D) Oxidation of the conserved active site cysteine residue in PTPs
inactivates these enzymes, and can be restored by reducing the oxidized residue to its thiol
form. SOx: oxidized cysteine.
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Figure 4.
Redox regulation of peroxiredoxins (Prxs) during EGFR signaling. Receptor activation
results in localized phosphorylation and inactivation of peroxiredoxin I (PrxI) by PTKs, such
as the redox-regulated cytoplasmic Src (c-Src). Deactivation of PrxI diminishes the redox-
buffering capacity adjacent to the cell membrane, allowing for a transient and localized
increase in H2O2 levels for signal transduction. Additionally, elevated H2O2 concentrations
can inactivate Prx2 by oxidation of its catalytic cysteine to sulfinic acid.
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Figure 5.
General strategy for detecting protein cysteine sulfenylation (RSOH) in cells. (A)
Chemoselective reaction between sulfenic acid and 5,5-dimethyl-1,3-cyclohexanedione
(dimedone, 1). (B) Azide and alkyne-functionalized small-molecule probes for trapping and
tagging protein sulfenic acids include DAz-2 (2) and DYn-2 (3). (C) Detection of protein
sulfenic acids in living cells. Target cells are incubated with cell-permeable probes to trap
and tag protein sulfenic acids in situ. In subsequent steps, lysates are prepared and tagged
proteins are further elaborated by attachment of biotin or fluorescence labels via click
chemistry and enables detection by Western blot or in-gel fluorescence. Alternatively,
biotinylated proteins may be enriched for proteomic analysis.
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Figure 6.
Model for H2O2-dependent regulation of EGFR tyrosine kinase activity. (A) Binding of
EGF induces production of H2O2 through Nox2. Nox-derived H2O2 directly modifies EGFR
cysteine (Cys797) to sulfenic acid in the active site, which enhances its tyrosine kinase
activity. Endogenous H2O2 can also oxidize and deactivate localized PTPs, leading to a net
increase in EGFR phosphorylation. (B) Crystal structure of the EGFR kinase domain (PDB
3GT8) bound to AMP-PNP, a hydrolysis resistant ATP analog, and Mg2+. Dashed yellow
lines and accompanying numbers indicate the distance (Å) between the γ-sulfur atom of
Cys797 and key substrate functional groups. Note also that Cys797 can adopt different
rotamers and sulfenylation of this residue may enhance its ability to participate in
electrostatic and hydrogen-bonding interactions with its substrate. (C) Abbreviated sequence
alignment of EGFR and nine other kinases that harbor a cysteine at the structural position
that corresponds to Cys797 (adapted from ref. 112).
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Figure 7.
Covalent cysteine-based protein targeting strategies. (A) Conventional covalent inhibitors of
kinases inactivate their target through covalent attachment to the cysteine thiol functional
group. However, the electrophilic center (e.g., acrylamide, haloacetamide, vinyl
sulfonamide) that reacts with the cysteine can exhibit nonspecific reactivity toward other
cellular thiols, including glutathione present at millimolar concentrations inside mammalian
cells. The electrophile may also react with other nucleophilic functionalities present in
biological systems (amino and imidazole groups of amino acids, various reactive sites in
nucleic acid bases, water). (B) Orthogonal strategy as one potential mechanism to address
issues associated with employing an electrophilic functional group to target one cysteine
among a sea of biological nucleophiles. According to this approach, active site-directed
small-molecule inhibitors containing a reactive nucleophilic substituent form a covalent
bond with a sulfenic acid-modified cysteine side chain. Such modifications form transiently
in specific proteins during H2O2-mediated signal transduction in normal cells, but form
constitutively in diseases associated with chronically elevated levels of H2O2, including
cancer. In the sulfenic acid oxidation state, the electron-deficient sulfur exhibits enhanced
electrophilic character that can be selectively targeted by certain nucleophilic compounds.
Because sulfenic acid is a unique chemical moiety in biochemistry, this strategy might
decrease the potential for off-target activity while retaining the advantages gained by
covalent targeting.
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