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Despite extensive study of the EGF receptor (EGFR) signaling network,
the immediate posttranslational changes that occur in response to
growth factor stimulation remain poorly characterized; as a result, the
biological mechanisms underlying signaling initiation remain obscured.
To address this deficiency, we have used a mass spectrometry-based
approach to measure system-wide phosphorylation changes through-
out the network with 10-s resolution in the 80 s after stimulation in
response to a range of eight growth factor concentrations. Significant
changes were observed on proteins far downstream in the network as
early as 10 s after stimulation, indicating a system capable of transmit-
ting information quickly. Meanwhile, canonical members of the EGFR
signaling network fall into clusters with distinct activation patterns. Src
homology 2 domain containing transforming protein (Shc) and phos-
phoinositol 3-kinase (PI3K) phosphorylation levels increase rapidly, but
equilibrate within 20 s, whereas proteins such as Grb2-associated
binder-1 (Gab1) and SH2-containing tyrosine phosphatase (SHP2) show
slower, sustained increases. Proximity ligation assays reveal that Shc
and Gab1 phosphorylation patterns are representative of separate
timescales for physical associationwith the receptor. Inhibition of phos-
phatases with vanadate reveals site-specific regulatory mechanisms
and also uncovers primed activating components in the network, in-
cluding Src family kinases, whose inhibition affects only a subset of
proteins within the network. The results presented highlight the com-
plexity of signaling initiation and provide a window into exploring
mechanistic hypotheses about receptor tyrosine kinase (RTK) biology.
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The EGF receptor (EGFR) sits atop a complex signaling
network that controls cell behavior in response to environmental

cues. Cascades of posttranslational modifications initiated from
EGFR, notably phosphorylation on tyrosine, serine, and threonine,
influence protein–protein interactions and enzymatic activity to
activate transcriptional programs that regulate proliferation, dif-
ferentiation, and apoptosis (1). Mutation or overexpression of
EGFR has been identified as an oncogenic driver for many tumor
types, making it an attractive target for anticancer therapies (2).
Building on decades of specific characterization using traditional

biochemistry techniques, platforms such as protein microarrays and
mass spectrometry have allowed systems biology to provide a com-
prehensive picture of intact and aberrant network behavior, which
can be used to establish design criteria for therapeutic interventions
(3). Manipulating components within the network experimentally
and computationally has uncovered many features of the system that
influence behaviors such as proliferation and survival (4–6). With
many phenotypic responses occurring on the order of hours to days,
most phosphorylation measurements have been on the timescale of
minutes to hours, when phosphorylation levels are highest. However,
a second class of responses, such as protrusion and calcium signaling,
occur within a few seconds after stimulation and suggest an impor-
tant early regime of signaling activity (7). Although individual, tar-
geted analyses have provided insights into components of signaling
activation, systems-level characterization of network activity during
this period has been lacking.

Recent efforts have successfully measured signaling dynamics on
the timescale of seconds in HeLa and T-cells using a flow appa-
ratus, yielding new insight into network activation (8, 9). However,
the experimental setup is not readily applicable to adherent cell
types, and the shear forces endemic to the procedure may in-
duce phosphorylation changes that confound the responses to
growth factor (10). Here, we present an alternative method for in-
vestigating early phosphorylation dynamics in adherent mammary
epithelial cells on the timescale of 10 s. Increased temporal reso-
lution, paired with a wide variety of treatment conditions, have
provided insight into the mechanisms controlling activation of the
EGFR signaling network that are obscured at later time points. Our
results reveal distinct patterns of receptor–adaptor complex forma-
tion, site-specific phosphatase activity, and tight integration of pos-
itive and negative feedback in the early periods of EGFR signaling.

Results
To investigate phosphorylation changes induced by growth factor
stimulation, MCF-10A human mammary epithelial cells grown in
10-cm dishes were serum starved for 24 h before growth factor
stimulation. EGF concentrations of 0.2, 0.4, 1, 2.5, 5, 10, 20, and 100
nM were determined from literature values and phenotypic response
data (Fig. S1) (8, 11). Stimulation was initiated by direct addition of
growth factor to media for 0, 10, 20, 30, 40, 50, 60, 70, or 80 s and
terminated by rapid plate inversion to remove media and immediate
placement on a bath of liquid nitrogen. Immediately after plates
were removed from liquid nitrogen, cells were lysed by the addition
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of 8 M urea (Fig. 1). To assess the phosphorylation changes that may
occur during freezing or lysis, control, nonstimulated cells and cells
treated with 20 nMEGF for 60 s were left on liquid nitrogen for 1, 5,
or 15 min before lysis with urea or frozen on liquid nitrogen for 1
min, followed by incubation in urea lysis buffer for 15 or 30 min.
Phosphoproteomic analysis of these samples demonstrate no sig-
nificant change in phosphorylation during these steps, indicating that
phosphorylation is rapidly and irreversibly stopped by our freezing
and lysis procedure (Fig. S2). Lysates were then processed to pep-
tides, labeled with stable isotope mass tags, and combined. One
of the 10 channels was reserved for a fraction of a pooled lysate
common to all runs, which provided a normalization value to facil-
itate comparison between multiple runs. Tyrosine-phosphorylated
peptides were enriched by sequential immunoprecipitation using
three antiphosphotyrosine antibodies and immobilized metal affinity
chromatography before analysis by data-dependent liquid chroma-
tography tandem mass spectrometry (LC-MS/MS). Secondary frag-
mentation spectra provided peptide sequence information and
precisely localized phosphorylation modifications on each peptide,
while reporter ion intensities, representing the relative amount of
peptide in each of the 10 channels, were extracted to quantify
temporal dynamics of phosphorylation (Fig. 1 B and C). This
approach yielded data on several hundred phosphorylation sites
that occur on tryptic peptides amenable to LC-MS/MS analysis.
Although not a complete list of all phosphorylation events in the
network, they make up a representative fraction of many proteins
implicated in EGFR signaling. Heat maps were used to visualize
phosphorylation dynamics of peptides seen in multiple replicates
for all eight of the ligand concentrations (Fig. 2 and Dataset S1).

Self-Organizing Map Clustering Reveals Distinct Signaling Modules.
To identify sites with similar response patterns in the network,
self-organizing maps (SOMs) were used. SOMs cluster self-similar
patterns in complex data, including protein phosphorylation pro-
files (12). To correct for variability within single conditions while
maximizing the number of phosphorylation sites seen across
multiple conditions, phosphosite dynamics from the 10-, 20-,
and 100-nM stimulation conditions were concatenated to create
an input vector with 27 features (0–80 s for three conditions).
These profiles were clustered by Pearson correlation 10,000 times,
and the frequency with which peptides appeared in the same cluster
provided a quantitative metric of similarity (Fig. S3A). One prom-
inent feature of this analysis is the tight integration of four EGFR
autophosphorylation sites (pY1045, pY1068, pY1148, and pY1173),
which all appeared in the same cluster >85% of the time, without
once clustering with any other peptide (Fig. S3B) (13, 14). Mean-
while, EGFR pY974, which has been shown to be distinctly regu-
lated from the autophosphorylation sites, clustered separately (15).
Two additional groups that emerged contained many phos-

phorylation sites canonically implicated in the EGFR network.
The first contained sites on the adaptor proteins Src homology 2
domain containing transforming protein (Shc), Grb2 associated
and regulator of MAPK protein (GAREM), and Src homology 2
domain containing adaptor protein B (Shb), which serve to re-
cruit additional proteins including growth-factor receptor-bound
protein-2 (Grb2), a site on p85 alpha (PIK3R1), whose phosphory-
lation is thought to relieve inhibition of phosphoinositol 3-kinase
(PI3K), and the nucleotide exchange factor Arhgef5 (Fig. S3C) (16).
The abundance of these phosphopeptides is strongly increased at 10 s
after stimulation, but plateau by ∼30 s, and remains relatively con-
stant thereafter. The second cluster included Grb2-associated
binder-1 (Gab1) Y627 and Y659, SH2-containing tyrosine phos-
phatase (SHP2) Y584, tensin 3 Y802, and Y455 on ANKS1A, a
regulator of EGFR recycling (Fig. S3D) (17). When phosphorylated,
the two sites observed on Gab1 form a binding motif for SHP2,
necessary for extracellular signal-regulated kinase (ERK) activation
(18). We observe minimal delay between the appearance of this
binding motif and phosphorylation of SHP2 on Y584, a site associ-
ated with activation (19). Compared with the other clusters, these
peptides show a more gradual change in phosphorylation at the
earliest times measured, but continue increasing until they reach
similar relative levels as EGFR and Shc by 60 s (Fig. S3E).

Measurement of Receptor-Adaptor Complex Formation. One candi-
date mechanism for the slower phosphorylation kinetics of Gab1
versus Shc is a difference in recruitment to the receptor. To test
this hypothesis, proximity ligation assays (PLAs) were used to
verify selected immediate early phosphorylation events in situ
and quantify receptor–adaptor interactions with low-nanometer
resolution in intact cells (20, 21). To measure early association
events, cells seeded on glass coverslips were stimulated with
20 nM EGF for 0, 10, or 60 s; frozen on liquid nitrogen; and fixed
in 4% paraformaldehyde for analysis. Orthogonal measurement of
phosphorylation using PLA corroborates the previous observations
of near-immediate phosphorylation of EGFR at 10 s, whereas ERK
phosphorylation shows no increase at 10 s after stimulation. Mean-
while, both show strong activation at 60 s (Fig. S4). Imaging also
confirmed uniform receptor dimerization patterns across the dish.
Endogenous pairwise interactions between EGFR–Shc and

EGFR–Gab1 were then measured at 0, 10, and 60 s after 20-nM
EGF stimulation (Fig. 3A). By 10 s, EGFR–Shc interactions had
reached 74% of the level observed at 60 s, whereas EGFR-Gab1
complexes had reached a corresponding level of 34%. Intriguingly,
receptor–adaptor proximity almost identically matched relative
phosphorylation dynamics, suggesting recruitment mechanisms
may be the dominant component governing early phosphorylation
behaviors (Fig. 3B).
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Fig. 1. Schematic of experimental workflow. (A) MCF-10A cells were serum-
starved for 24 h and treated with 0.2, 0.4, 1, 2.5, 5, 10, 20, or 100 nM EGF for
0, 10, 20, 30, 40, 50, 60, 70, and 80 s. Pooled normalization lysate was
stimulated with 20 nM EGF for 60 s. Proteins were processed to peptides,
desalted, enriched for phosphotyrosine, and analyzed on a QExactive mass
spectrometer. Sample secondary fragmentation spectrum used for (B) se-
quence assignment and (C) reporter ion quantification.
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Role of Phosphatases in Early Signaling. An intriguing feature ob-
served at the phosphopeptide and protein complex level was the
faster dynamics of Shc phosphorylation compared with EGFR
phosphorylation, which was a counterintuitive result, as receptor
phosphorylation would presumably precede recruitment and phos-
phorylation of adaptor proteins. One explanation for these patterns
may be negative regulation by phosphatases, which may preferen-
tially dephosphorylate receptor binding sites over adaptors, allowing
more rapid accumulation of phosphorylation on Shc than EGFR.
To investigate the role of phosphatases in early signaling, cells

were treated with 1 mM activated sodium orthovanadate (Na3VO4),
a pan-tyrosine phosphatase inhibitor, for 15 min before 20 nM EGF
stimulation. Several hundred phosphorylation sites observed dem-
onstrated significant changes in phosphorylation response (Dataset
S1). On EGFR, basal levels of phosphorylation were unaffected by
phosphatase inhibition, but dynamics on stimulation showed signif-
icant differences within 10 s after stimulation (Fig. 4A). Although
the four autophosphorylation sites have similar temporal profiles
in untreated cells, relative levels of pY1148 in the stimulated,
vanadate-treated condition are much greater than levels on other
sites, indicating specific phosphatase activity against this site. The
relative maxima reached in the vanadate condition were ∼fivefold
higher compared with the untreated condition, suggesting the
highest levels in the 20 nM condition represent at most ∼20% of
the receptor in the cell. In addition to changes on the receptor,

Gab1 also shows site-specific phosphatase regulation. Although
Y406, Y627, and Y659 all show similar magnitude changes with
vanadate treatment, Y373 shows a much larger relative increase
(Fig. 4B).
In contrast to proteins near the top of the network, levels of

ERK phosphorylation were significantly higher in the vanadate-
treated, unstimulated cells. Ligand-independent ERK activation
could either be a result of basal ERK signaling that is continually
repressed by phosphatases or vanadate-mediated activation of an
alternative pathway for ERK phosphorylation. To this latter
possibility, one candidate mechanism involves Src family kinases
(SFKs), which are both positively and negatively regulated by
phosphorylation (22). In vanadate-treated, unstimulated cells,
phosphorylation levels on many SFK sites were elevated, along
with several canonical Src substrates, such as p130Cas and delta
catenin (Fig. 4C) (23, 24). These data suggest that SFKs are
active in the absence of ligand, but are continually repressed by
phosphatase activity in unstimulated cells.

Role of Src Family Kinases in Early Signaling. To explore the potential
for Src kinase activity as a primed activating component of imme-
diate EGFR signaling, MCF-10A cells were treated with dasatinib,
a SFK inhibitor, at 100 nM for 15 min before 20 nM EGF stimu-
lation. Phosphorylation of Src substrates was significantly decreased
by inhibitor treatment, but receptor phosphorylation dynamics on
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Y1045, Y1068, Y1148, and Y1173 were not significantly changed,
reinforcing their status as primarily autophosphorylation sites (Fig.
S5 A and B). Shc pY317, thought to be primarily controlled by
direct interaction with EGFR, also showed no significant changes in
phosphorylation (Fig. S5C) (25).
Despite apparently intact signaling through Shc, PI3KR1 phos-

phorylation is significantly impaired as early as 10 s by Src kinase
inhibition (Fig. 5A). Likewise, phosphorylation on Gab1 and SHP2
are impaired in the early period after growth factor stimulation
(Fig. 5 B and C). In addition to these upstream changes, ERK
activation downstream is also impaired without SFK activity (Fig.
5D). These data indicate a necessary role for SFKs in activating
select components of the EGFR signaling network immediately
after ligand binding.

Discussion
Because of its implication in human disease and broad control
over cellular behavior, the EGFR signaling network has been
one of the most extensively studied systems in biology. Recently,
systems biology has provided tools that offer increasing coverage
of network behavior. However, much of these data are projected
onto a framework derived from traditional biochemical studies.
Although knowledge of binary interactions between network pro-
teins has been useful, they often obscure the emergent features that
arise when the network is examined as a whole. To shed light on the
functional characteristics of the network, we report the first systems-
level measurement, to our knowledge, of the EGFR signaling

network at 10-s resolution in adherent epithelial cells in response
to eight different ligand concentrations. This method builds on
previous mass spectrometric analyses by incorporating a flash-
freezing step to precisely terminate signaling with no residual
phosphorylation changes.
In addition to rapid responses seen on EGFR and proximal

adaptor proteins, we observed phosphorylation changes within 10
s on proteins such as cortactin, plakophilin, and tensin, all proteins
not known to be directly regulated by the receptor (Dataset S1).
Early phosphorylation on these cytoskeletal components may
explain the rapid phenotypic responses observed in membrane
protrusion. Rapid downstream phosphorylation changes chal-
lenge the preconceived timing of signaling, where receptors
and adaptor proteins are phosphorylated and initiate signaling
cascades that occur on the timeframe of minutes, and instead
indicate a system capable of disseminating information almost
immediately across many regions of the network, with specific
regulatory mechanisms that tightly control the dynamics of protein
phosphorylation.
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One of these mechanisms, initially uncovered through clus-
tering via SOMs, appears to be recruitment to the receptor.
Through a combination of temporal phosphorylation profiling and
PLA, we have shown that Gab1 and Shc phosphorylation dynamics
are nearly identical to the speed with which these proteins become
proximal to the receptor, implying that the rate-limiting step in
adaptor phosphorylation is physical association with the receptor.
This observation also may imply that the EGFR kinase domain
does not have significant substrate-selective catalytic activity. One
of the proteins observed to behave similarly to Shc is GAREM,
an adaptor protein recruited to EGFR through interaction with
the SH3 domain of Grb2 (26). Although Gab1 is also capable of
being recruited to EGFR through interaction with Grb2, GAREM
phosphorylation occurs more rapidly than Gab1, suggesting that

Grb2 recruitment to the receptor may not be the limiting factor in
Gab1 phosphorylation. Instead, an alternative mechanism, PIP3
interaction with the PH domain of Gab1, may be the primary
mode of recruiting Gab1 to the membrane, where it can interact
with the receptor (27).
Recruitment is not necessarily the rate-limiting step for phos-

phorylation of all proteins in the network. For instance, temporal
phosphorylation profiles for pY627 and pY659 on Gab1 and
pY584 on SHP2 were identical, despite previous reports suggest-
ing that Gab1 phosphorylation on these sites was required for
SHP2 recruitment to the receptor complex.
Our data indicate a prominent and site-selective role for tyro-

sine phosphatases in mediating the immediate–early signaling events
after receptor activation. Although inhibition of tyrosine phosphatase
activity has minimal effect on the basal levels of phosphorylation on
EGFR and Gab1, the temporal response to stimulation of selected
sites in the network was significantly affected by vanadate treat-
ment. Maximum phosphorylation levels of EGFR pY1148 in-
creased by fivefold in stimulated, vanadate-treated cells relative to
stimulated control cells, whereas other EGFR sites only showed
an ∼twofold increase. Coupling the vanadate results with previous
stoichiometry data, which have shown pY1148 to be ∼threefold
more phosphorylated compared with other sites on the receptor,
indicates that phosphorylation of other sites, such as EGFR pY1173,
represents no more than 10% of the total receptor population, even
under saturating ligand conditions (28).
Gab1 pY373 appears to be more strongly targeted by phos-

phatase activity compared with other Gab1 sites. It is also the
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Fig. 5. Dasatinib treatment alters phosphorylation patterns for several
components of EGFR signaling. Phosphorylation patterns of peptides for
(A) PI3KR1 pY607, (B) Gab1 pY659, (C) SHP2 pY584, and (D) ERK1 pY204 in
response to 20 nM EGF stimulation with (dashed) and without (solid) 15 min
pretreatment with 100 nM dasatinib.
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Fig. 6. Proposed mechanism for full ERK activation. Proposed mechanism for
full ERK signaling includes SFK-independent activation through EGFR and Shc,
whereas SFK is necessary for signaling from EGFR to PI3K. Amplified PI3K ac-
tivity is responsible for driving Gab1 recruitment to the membrane via PIP3.
Gab1 phosphorylation creates a docking site for SHP2 to dephosphorylate
RasGAP binding sites (blue star), potentially including Y373 on Gab1. Only
combined activation through Shc and dephosphorylation of RasGAP binding
sites through PI3K-Gab1-SHP2 result in full ERK activity.
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only observed Gab1 site that contains the consensus binding motif
for RasGAPs (pY-X-X-P), which oppose ERK activation. Previous
work has shown specific phosphatase activity against such binding
sites, which may explain the observed changes (29).
Coupling our high-temporal-resolution measurements with in-

hibition of Src-family kinases with dasatinib uncovered a mechanistic
connection between SFKs and ERK activation. In cells treated with
dasatinib, Gab1 phosphorylation response to stimulation was sig-
nificantly decreased, suggesting its recruitment may be affected by
SFK activity. As mentioned previously, Gab1 interaction with EGFR
may be limited by PIP3-mediated recruitment to the membrane.
Correspondingly, we observe decreased phosphorylation of PI3K in
stimulated, dasatinib-treated cells. Together, these data highlight a
pathway in which EGFR activation leads to increased SFK activity,
resulting in phosphorylation of PI3K within 10 s. Increased PI3K
activity increases PIP3 levels, recruiting Gab1 to the membrane,
where it can interact with EGFR and be phosphorylated. SFK in-
hibition leads to loss of this pathway, decreased phosphorylation of
pY627 and pY659, and SHP2 pY584. Without SHP2 activity to
eliminate RasGAP binding sites, ERK shows significantly im-
paired activation at 80 s in dasatinib-treated, stimulated cells
(Fig. 6). We propose that both Shc and SFK-mediated, PI3K/
PIP3-associated Gab1 recruitment are necessary for full acti-
vation of the ERK MAPKs.
These proposed mechanisms for signaling are derived from

combining improved temporal resolution with select network
perturbations. The method outlined here allows for the exam-
ination of specific biochemical hypotheses in the context of the
full signaling network, which will provide a more comprehensive,
functional understanding of network behavior. The platform
is applicable for a variety of cell types, including those that

express multiple members of the ErbB family, and can also be
used to query the mechanistic effects of small molecules and
biologics. Combining the methods described here with new
genetic engineering techniques will further allow for the in vivo
characterization of specific phosphorylation sites in the whole
network. With improved tools for making measurements that
clarify complex biology, it is our hope that this process may
improve our understanding of signaling systems.

Methods
MCF-10A cells were maintained in Complete Media, as in ref. 28. Cells were
serum-starved for 24 h before stimulation with EGF dissolved in water for
0, 10, 20, 30, 40, 50, 60, 70, or 80 s. The common pooled normalization
channel was treated with 20 nM EGF for 60 s. Lysates were processed to
peptides, labeled with TMT 10-plex, combined, and immunoprecipitated
as descried previously (28). After elution from immunoprecipitation, a
second round of enrichment was performed by immobilized metal affinity
chromatography. Peptides eluted from immobilized metal affinity chro-
matography were analyzed by ESI LC-MS/MS on a QExactive Mass Spec-
trometer (Thermo Scientific) operated in information-dependent acquisition
mode, as described in ref. 12. Raw mass spectral data files were searched
against SwissProt database containing Homo sapiens protein sequences using
Mascot version 2.4. MS/MS spectra of phosphorylated peptides observed in
multiple biological replicates were validated using computer-assisted manual
validation (CAMV) software to confirm phosphorylation assignment and
isolation purity (30). From accepted scans, reporter ion quantification was
extracted, isotope corrected, and normalized based on median relative
protein quantification ratios.
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