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Aberrant expression, activation, and stabilization of epi-
dermal growth factor receptor (EGFR) are causally asso-
ciated with several human cancers. Post-translational
modifications and protein-protein interactions directly
modulate the signaling and trafficking of the EGFR. Acti-
vated EGFR is internalized by endocytosis and then either
recycled back to the cell surface or degraded in the lyso-
some. EGFR internalization and recycling also occur in
response to stresses that activate p38 MAP kinase. Mass
spectrometry was applied to comprehensively analyze the
phosphorylation, ubiquitination, and protein-protein inter-
actions of wild type and endocytosis-defective EGFR vari-
ants before and after internalization in response to EGF
ligand and stress. Prior to internalization, EGF-stimulated
EGFR accumulated ubiquitin at 7 K residues and phos-
phorylation at 7 Y sites and at S1104. Following internal-
ization, these modifications diminished and there was an
accumulation of S/T phosphorylations. EGFR internaliza-
tion and many but not all of the EGF-induced S/T phos-
phorylations were also stimulated by anisomycin-induced
cell stress, which was not associated with receptor ubiq-
uitination or elevated Y phosphorylation. EGFR protein
interactions were dramatically modulated by ligand, inter-
nalization, and stress. In response to EGF, different E3
ubiquitin ligases became maximally associated with EGFR
before (CBL, HUWE1, and UBR4) or after (ITCH) internal-
ization, whereas CBLB was distinctively most highly EGFR
associated following anisomycin treatment. Adaptin sub-
units of AP-1 and AP-2 clathrin adaptor complexes also
became EGFR associated in response to EGF and aniso-
mycin stress. Mutations preventing EGFR phosphoryla-

tion at Y998 or in the S1039 region abolished or greatly
reduced EGFR interactions with AP-2 and AP-1, and im-
paired receptor trafficking. These results provide new in-
sight into spatial, temporal, and mechanistic aspects of
EGFR regulation. Molecular & Cellular Proteomics 13:
10.1074/mcp.M114.038596, 1644–1658, 2014.

Receptor tyrosine kinases such as the epidermal growth
factor receptor (EGFR)1 are aberrantly activated by mutation
and/or over-expression in numerous human cancers (1, 2).
Ligand-activated EGFR, similar to many receptor tyrosine ki-
nases, is normally subject to clathrin-mediated endocytosis
(CME) involving internalization and followed by sorting
through the endosomal compartment (reviewed in 3). From
endosomes, and as a function of which ligand is bound, the
receptor may be recycled back to the cell surface or down-
regulated as a consequence of trafficking to lysosomes for
proteolytic degradation (4, 5). The EGFR also undergoes
CME-mediated internalization and recycling back to the
plasma membrane in response to cellular stresses that acti-
vate p38 MAPK, for example in response to the chemother-
apeutic agent cisplatin, the antibiotic anisomycin, and the
cytokine tumor necrosis factor-� (TNF�) (6–8). Various onco-
genic mutations in the EGFR, as well as hetero-dimerization
with other ErbB family members impairs EGFR down-regula-
tion (9). This leads to aberrant, sustained EGFR signaling,
which elicits cellular responses central to the cancer cell
phenotype including cell proliferation, survival, motility/migra-
tion, and invasion (reviewed in 10).

EGFR signaling and trafficking involve an overlapping set of
factors that have been extensively reviewed (10, 11). These
processes are products of EGFR protein-protein interactions
and post-translational modifications (PTMs) including phos-
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phorylation, ubiquitinylation, and lysine acetylation (12). Ex-
tracellular binding of ligand induces EGFR dimerization and
trans-autophosphorylation at intracellular tyrosine residues,
which serve as binding sites for various enzymes and adaptor
proteins (11). These receptor-binding proteins are involved in
signaling and/or receptor trafficking, and also lead to further
modulation of receptor PTMs. For example, binding of the E3
ubiquitin ligase CBL at EGFR pY1069 (13–15) or indirectly
through the adaptor protein Grb2, which binds primarily at
pY1092 (16), are both involved in EGFR ubiquitinylation and
down-regulation (17). Although not an exclusive mechanism,
EGFR internalization mainly involves clathrin and the AP-2
clathrin adaptor complex (12, 18–22) in addition to Grb2 (18,
23, 24). EGFR internalization and recycling in response to
stress-induced p38 MAPK activation requires AP-2, but not
Grb2 (18), and is reportedly independent of receptor kinase
activity, tyrosine phosphorylation, and ubiquitination (6–8).
Trafficking of endocytosed EGFR to the lysosome, but not the
initial internalization step itself, requires CBL (25, 26), and is
associated with ubiquitination at up to six lysine residues
within the EGFR kinase domain (14). Additionally, ubiquitin-
interacting endocytosis factors including Hrs, STAM, and
STAM2 become tyrosine phosphorylated in response to
EGFR activation (27), and EGFR ubiquitination is required for
endosomal sorting (3). Gill and colleagues identified in the
EGFR a region spanning residues 997–1046 as conferring
endocytic function to otherwise endocytosis-defective EGF
receptors truncated after the kinase domain (28). Consistent
with this, EGFR phosphorylation sites linked with receptor
trafficking are present within or proximal to this part of the
receptor. For example, EGFR phosphorylation at S991 and
Y998 accumulate with relatively slow kinetics following stimu-
lation of cells with EGF (29). Phosphorylation-defective vari-
ants Y998F and S991A are impaired for ligand-stimulated
down-regulation relative to wild type (WT) EGFR, but remain
proficient for rapid EGFR-to-ERK signaling (29). Non-phos-
phorylated Y998 was cited as part of an AP-2 binding motif
(Y998RAL) (22), while a nearby di-leucine motif (LL1034/35) also
serves as an AP-2 binding site (22, 30). Phosphorylations at
EGFR S1039 and T1041 occur downstream of p38 MAPK in
response to anisomycin-induced cell stress, and are also
phosphorylated at lower levels as part of the normal cellular
response to EGFR activation by EGF (29). The adaptor protein
Odin (ANKS1A) becomes tyrosine phosphorylated prior to
EGFR internalization following EGF treatment of cells, and
functions as an effector of EGFR recycling (31). Therefore, in
response to diverse extracellular signals a multitude of revers-
ible PTMs and interacting proteins govern EGFR internaliza-
tion, trafficking, and ultimately, stability and signaling. How-
ever, our understanding of spatial-temporal and mechanistic
relationships of individual EGFR PTMs and protein interac-
tions, and their biological consequences are largely qualitative
and incomplete.

The objective of the current study was to characterize and
compare aspects of the initial, pre- and post-internalization
stages of EGFR endocytosis in response to EGF and cell
stress. A battery of methods was applied to identify and
absolutely or relatively quantify EGFR phosphorylation, ubiq-
uitination, and protein-protein interactions. These included
fluorescence microscopic imaging, and quantitative LC-
MS/MS including targeted measurements by selected reac-
tion monitoring (SRM), and comprehensive quantification by
using ultra high resolution MS. These were applied with an
established model system based on human HEK293 cells
engineered to express defined levels of wild type and various
phosphorylation-defective EGFR variants tagged with the
Flag epitope. The comprehensive analysis revealed distinctive
patterns of EGFR modifications and interactions that corre-
lated with receptor activation and internalization. Generally,
EGF-stimulated EGFR tyrosine phosphorylations and lysine
ubiquitinations, which were maximal prior to internalization,
decreased 15-min after receptor internalization was initiated,
whereas S/T phosphorylations increased. A subset of EGF-
stimulated S/T phosphorylations including pS991 and pS1039

and proximal S/T residues accumulated to an even greater
extent in response to anisomycin. EGFR variants with amino
acid substitutions at these positions were largely impaired for
AP-1 and AP-2 interactions, showed altered patterns of ubiq-
uitination, and resistance to EGF-stimulated receptor down-
regulation. These results provide new insight into the dynam-
ics and molecular events associated with EGFR function.

EXPERIMENTAL PROCEDURES

Unless otherwise stated, reagents were purchased from
Sigma-Aldrich.

Cell Culture and HEK293 T-REx Stable Cell Lines—Tetracycline
inducible stable HEK293 T-REx cell lines designed to express C-ter-
minal Flag tagged wild type and mutant EGFR were created using a
pcDNA5.1 FRT/TO plasmid according to the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, CA). They were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% bovine
serum and 200 �g/ml hygromycin B (32).

Western Blotting and Immunoprecipitation—For Western blot anal-
ysis and immunoprecipitation (IP), HEK293 T-REx cells were incu-
bated with 1 �g/ml tetracycline (Tet) for 24 h in serum plus medium,
changed to serum-free medium without Tet for 4 h, treated with or
without indicated reagent for the indicated durations, then rinsed with
ice-cold phosphate-buffered saline (PBS) and lysed in TGH buffer
(1% (v/v) Triton X-100, 1% sodium deoxycholate, 10% (v/v) glycerol,
50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 50 mM

NaF, protease inhibitors, and 1 mM Na3VO4) (22). Whole cell lysates
(15 �g protein/sample) were resolved by SDS-PAGE, and then
probed with primary and secondary antibodies as described previ-
ously (29, 31). For IP and LC-MS/MS analysis, clarified whole-cell
lysates (10 mg protein/sample) were extracted with immobilized anti-
flag M2 beads (25 �l, Sigma (St. Louis, MI)). After 3 h incubation, the
beads were washed 3 times with TGH buffer and twice with HPLC
water. The proteins bound on M2 beads were eluted with 150 �l of
0.15% of trifluoroacetic acid (TFA), neutralized to 100 mM NH4HCO3,
and digested with trypsin. The tryptic peptides were purified by 200 �l
C18 stage tips (Thermo Scientific, Rockford, IL) and analyzed by
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Q-Exactive LC-MS/MS (Thermo Fisher, San Jose, CA) (29). All results
reflect at least three independent biological replicates.

Immunofluorescence Staining and Confocal Microscopy—HEK-
EGFR T-REx cells were grown on poly-L-lysine-coated coverslips and
incubated with 1 �g/ml tetracycline, but without serum for 24 h. Cells
were treated with EGF (50 ng/ml) for 1 h at 4 °C. For EGF treatment at
4 °C samples, cells were fixed immediately. For EGF treatment at
37 °C samples, cells were washed free of unbound ligand, and ex-
posed to pre-warmed ligand-free medium at 37 °C for 15 min. For
anisomycin treatment cells, no 4 °C pre-incubation time was carried
out. The cells were incubated with 10 �M anisomycin at 37 °C for 30
min or at 4 °C for 1 h. After treatment, cells were fixed with freshly
prepared 3.7% paraformaldehyde, permeabilized and detected by
using anti-EGFR Alexa Fluor488 conjugated mouse antibody (Santa
Cruz Biotechnology, Santa Cruz, CA). Confocal microscopy was per-
formed using a Zeiss LSM 510 META laser-scanning microscope
(Carl Zeiss Inc., Thornwood, NY). Antibody to Rab4A was from Santa
Cruz (D-20; sc-312). Additional details on experimental protocols were
published previously (29, 31).

We note that according to the above protocol, during the 37 °C
incubation that was permissive for receptor endocytosis, the actual
extracellular EGF concentration was substantially less than 50 ng/ml,
but was not precisely measured. In all other experiments in which
EGFR was monitored by Western blot or by AP-MS, the EGF con-
centration employed was 10 ng/ml; 1 ng/ml was tested but aban-
doned because responses were generally too low and variable to
achieve statistical significance.

Cleavable Biotin Internalization and Biotin-EGF Binding Assays—To
measure EGFR recycling, cells were washed with PBS (pH 8.0) and
incubated with Sulfo-NHS-S-S-Biotin (0.5 mg/ml; Pierce, Rockford,
IL) in PBS (pH 8.0) for 20 min at 22 °C. Following EGF treatment with
or without 10 �M monensin, cells were placed on ice, washed, and
residual surface-exposed biotin adducts were removed by three se-
quential 8-min incubations with ice-cold glutathione cleavage solu-
tion. Cells were then washed and lysed. Biotinylated proteins were
affinity purified by using streptavidin (SA)-coated beads (Thermo
Fisher, San Jose, CA), and recovered biotinylated EGFR was quanti-
fied by anti-EGFR Western blotting (8, 31).

EGFR internalization rates were determined by using the method of
de Wit et al. (33, 34) with slight modification. Briefly, cells were plated
at 20,000/well in 96-well plates, grown for 24 h, and then shifted to 1
�g/ml tetracycline and 50 �g/ml PEI-containing media for 24 h. To
measure surface EGFR, cultures were washed and treated with 50
ng/ml biotin-labeled EGF (Invitrogen Molecular Probes) in PBS con-
taining Ca2�/Mg2�/glucose for 1 h at 4 °C, then washed with PBS and
fixed in PBS containing 3% paraformaldehyde, 0.25% glutaralde-
hyde, and 0.25% Triton X-100. To measure internalized EGFR, cul-
tures were washed and treated with 50 ng/ml biotin-labeled EGF and
10 �M monensin in PBS with Ca2�/Mg2�/glucose for 15 min at 37 °C,
followed by an acid wash (125 mM NaCl, and 25 mM acetic acid, pH
3) to strip off surface-bound EGF, followed by fixation. Fixed cells
were treated with 50 mM glycine, blocked, and incubated with
streptavidin-HRP, and detected by TMB solution (Calbiochem, Bil-
lerica, MA).

Selected Reaction Monitoring (SRM) Mass Spectrometry and LC-
MS/MS Analysis—SRM-MS analysis of EGFR was carried out as
described previously (29, 31). After data acquisition on a triple qua-
drupole instrument (TSQ Vantage, Thermo Fisher, San Jose, CA),
Skyline software (35) was used for SRM data acquisition and total ion
current calculations. Collision energy was calculated based on the
precursor ion charge state and mass-to-charge ratio using the stan-
dard equations CE � 0.03*m/z � 2.905 and CE � 0.038*m/z � 2.281
for doubly and triply charged precursors, respectively. A synthetic

heavy isotope containing peptide (IPLENLQIIR) was used as a stan-
dard peptide for EGFR quantification.

For LC-MS/MS analysis, the tryptic peptides from anti-flag IP com-
plexes were separated on a 50-cm Easy-Spray column with a 75-�m
inner diameter packed with 2 �m C18 resin (Thermo Scientific,
Odense Denmark). The peptides were eluted over 120 min (250
nl/min) using a 0 to 40% acetonitrile gradient in 0.1% formic acid with
an EASY nLC 1000 chromatography system operating at 50 °C
(Thermo-Fisher Scientific). The LC was coupled to a Q Exactive mass
spectrometer (36) by using a nano-ESI source (Thermo Fisher Scien-
tific). Mass spectra were acquired in a data-dependent mode with an
automatic switch between a full scan and up to 10 data-dependent
MS/MS scans. Target value for the full scan MS spectra was
3,000,000 with a maximum injection time of 120 ms and a resolution
of 70,000 at m/z 400. The ion target value for MS/MS was set to
1,000,000 with a maximum injection time of 120 ms and a resolution
of 17,500 at m/z 400. Repeat sequencing of peptides was kept to a
minimum by dynamic exclusion of sequenced peptides for 20 s (37).

Acquired raw files were analyzed by using MaxQuant software
(38)(version 1.3.0.5) for quantification, and X! Tandem (The GPM,
thegpm.org; version CYCLONE; 2010.12.01.1) and Scaffold (version
Scaffold_3.4.3, Proteome Software Inc., Portland, OR) for further
validation. The modified peptides validated by inspection of MS/MS
spectra in Scaffold are shown in supplemental Fig. S6. The Androm-
eda probabilistic search engine (39) was used to search peak lists
against the Swiss-Prot database (2012.12 version, 20226 entries)
after addition of variant EGFR protein sequences relevant to the
study. The default search parameters were used as describe by Deeb
et al. (37). The search included cysteine carbamidomethylation as a
fixed modification, N-terminal acetylation, methionine oxidation phos-
pho-serine, -threonine and -tyrosine, and Gly-Gly addition to lysine as
variable modifications. The second peptide identification option in
Andromeda was enabled. For statistical evaluation of the data ob-
tained, the posterior error probability and false discovery rate were
used. The false discovery rate was determined by searching a reverse
database. A false discovery rate of 0.01 for proteins and peptides was
permitted. Two miscleavages were allowed, and a minimum of seven
amino acids per identified peptide were required. Peptide identifica-
tion was based on a search with an initial mass deviation of the
precursor ion of up to 6 ppm, and the allowed fragment mass devi-
ation was set to 20 ppm. To match identifications across different
replicates and adjacent fractions, the “match between runs” option in
MaxQuant was enabled within a time window of 2 min. For the
determination of protein levels, at least two unmodified peptides were
required for LFQ calculation. Phosphorylation site localization prob-
abilities were required to exceed 75% (supplemental Table S1).

Bioinformatics analysis was completed by using Perseus tools
within the MaxQuant environment. LFQ intensity for EGFR was used
to normalize EGFR-associated proteins and modified peptides across
samples. When required, missing values were imputed with a width of
0.3, and downshift of 1.8. For heat map analysis, the normalized
intensities of peptides or LFQ intensities of proteins, extracted from
MaxQuant, were compared with maximal intensities of corresponding
peptides or proteins and expressed in a range from 0 to 1. Values are
means of three biological replicates for each sample. Log10 maxi-
mum intensities were used in heat maps. For unsupervised clustering
of peptides and volcano plot analysis, normalized peptide or LFQ
protein intensities were log2 transformed, and the missing values
were replaced by data imputation in Perseus. The Z-score of peptides
or proteins were clustered with Euclidean average or correlation aver-
age by K-means process by using Perseus (perseus-framework.
org/). The logarithmic ratio of protein intensities between two samples
and the negative logarithmic p values of the Welch t test performed from
triplicates between two samples were calculated for Volcano plot by
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Perseus and exported to Microsoft Excel for plotting. All values are
means of three biological replicate for each sample.

The mass spectrometry proteomics data describe in this paper
have been deposited to the ProteomeXchange Consortium j(http://
www.proteomexchange.org) via the PRIDE partner repository with the
dataset identifier PXD000788.

Statistical Analysis—Statistical significance was determined by us-
ing Student’s t test. p values less than 0.05 were considered to be
statistically significant.

RESULTS

Effect of Temperature, Ligand, and Stress on EGFR Phos-
phorylation—In order to facilitate the isolation and analysis of
EGFR from cells expressing physiologically relevant amounts
of wild type (WT) and variant receptors, tetracycline-inducible
EGFR-Flag-expressing cell lines were established based on
HEK293. This line is an established model system for the
analysis of EGFR signaling, endocytosis/trafficking, and sta-
bility (29, 31, 32, 40). The Western blot (WB) in Fig. 1A shows
that the expression level of EGFR in stably transfected
HEK293 cells gradually increased during a 48 h incubation
period after cell treatment with 1 �g/ml tetracycline (Tet).
There was no significant difference in EGFR expression when
a range of Tet concentrations (0.1 to 1 �g/ml) was used (data
not shown). SRM-MS was used to quantify EGFR expression
levels as described previously (31). This showed that the
EGFR protein expression level was �2�E5 copies/cell after a
24 h Tet treatment (Fig. 1B). This is similar to the amount of
EGFR expressed in Hela cells, another frequently used EGFR
model system (41). In non-small cell lung carcinoma EGFR

protein is expressed at concentrations ranging from 8.6�E4
per cell in tumors lacking EGFR gene amplification to 3.6�E6
copies per cell in tumors with EGFR amplification (42). Hence,
the EGFR cell density used in this study is comparable to
other model systems and endogenous pathophysiological
levels. Subsequent experiments were conducted with cells
24 h post-Tet-treatment unless otherwise stated. EGFR ex-
pression was measured to be very similar when assessed by
Western blot (Fig. 1A) and SRM-MS (Fig. 1B; and Supplemen-
tary Information supplemental Fig. S1). After Tet withdrawal,
Flag-epitope-tagged receptors were degraded gradually with
a half-life of roughly 24 h (Fig. 1C). Within 4 h of Tet withdrawal
EGFR degradation was minimal and unless stated otherwise
all experiments described in this report were carried out within
this time frame.

Immunofluorescence microscopy was used to compare
EGFR localization following EGF treatment at 4 °C and 37 °C,
and in response to the protein synthesis inhibitor and cell
stress response inducer, anisomycin (Aniso) (8, 43) (Fig. 2A,
and see bright field images in supplemental Fig. S2A). In
serum-deprived, untreated control cells (Cont), EGFR were
mainly localized at the cell periphery, consistent with a mostly
plasma membrane localization (Fig. 2A), and this pattern was
retained when cells were exposed to EGF but maintained at
ice temperature (EGF4C, Fig. 2A), as expected (23, 29, 44).
This apparent plasma membrane staining pattern was also
observed when cells were incubated at 4 °C with or without
anisomycin (supplemental Fig. S2B). By contrast, as expected
(18, 29, 31), when cells were treated with anisomycin (Aniso)
at 37 °C or when EGF-treated cells were warmed to 37 °C for
15 min (EGF37C), EGFR were effectively internalized (Fig. 2A).
As a control, the punctate EGFR staining pattern associated
with internalized EGFR was found to colocalize with Rab4A, a
marker of the recycling and degradative endosomal compart-
ment (45) (supplemental Fig. 2C). As described below, under
these experimental conditions EGFR became associated with
the AP-2 clathrin adaptor complex, suggesting EGFR endo-
cytosis occurred by CME, however, the extent to which EGFR
may have internalized by clathrin-independent mechanisms
was not measured.

Analysis of total cellular protein-pY and EGFR-pY1092 by
Western blot showed that EGF treatment (EGF37C) effectively
stimulated EGFR as evidenced by its phosphorylation at Y1092

and the appearance of cellular pY-containing proteins (Fig.
2B). When EGF treatment was performed at 4 °C (EGF4C), the
signals were slightly higher. Consistent with our previous find-
ings (31), MAP kinases ERK1 and ERK2 were not phosphor-
ylated when the EGF-treated cells were held at 4 °C, but
became activated when the EGF treated cells were warmed to
37 °C (Fig. 2B). Levels of stress-activated MAP kinase p38
expression were similar under all test conditions (Fig. 2B), and
phosphorylated p38 (pp38) was slightly elevated in all cells
exposed to the 4 °C condition (Fig. 2B, lanes 3, 5, and 7).
However, the pp38 signal was more pronounced in cells

FIG. 1. Induction and stability of EGFR expression in HEK-EGFR
T-REx cells. A, Western blot (WB) analysis of whole cell lysates (WCL)
from HEK-EGFR T-REx cells with indicated antibody. Tetracycline
(Tet) inducible HEK293 T-REx cells stably transfected with the EGFR-
Flag pcDNA vector were treated with 1 �g/ml Tet for the indicated
times. B, Quantification of EGFR by Selected Reaction Monitoring
Mass Spectrometry (SRM). SRM quantifications were made from
WCL of HEK-EGFR T-REx cells within a linear range relative to a
spiked-in, stable isotope-containing standard peptide (IPLENLQIIR)
of identical sequence (supplemental Fig. S1B). Error bars denote
standard deviation from three biological replicates. C, EGFR degra-
dation after Tet withdrawal. The indicated antibodies were used for
WB analysis of WCL from HEK-EGFR T-REx cells after 24 h Tet
treatment and then without Tet for the indicated times.
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treated with EGF at 37 °C, and was markedly elevated follow-
ing anisomycin treatment at 37 °C (Aniso; Fig. 2B). Therefore,
the EGF4C, EGF37C, and Aniso conditions were established

as respective models for EGF-activated, pre- and post-inter-
nalization EGFR, and for stress response-associated EGFR
internalization.

FIG. 2. EGFR trafficking and phosphorylation after cell treatment with EGF or anisomycin at 4 °C and 37 °C. A, Immunofluorescence imaging
of EGFR in HEK-EGFR T-REx cells following the indicated treatments. After 24 h Tet induction, serum-deprived HEK-EGFR T-REx cells were
treated with EGF (50 ng/ml) for 1 h at 4 °C, washed free of unbound ligand, and then provided with pre-warmed ligand-free medium at 37 °C
for 0 min (EGF4C) or 15 min (EGF37C), or the cells were incubated with anisomycin (10 �M) at 37 °C for 30 min (Aniso). Control cells were
HEK-EGFR T-REx without any treatment (Cont). The cells were fixed and stained with anti-EGFR AF488 antibodies (white pseudo-color) and
DAPI (blue for nuclear staining). Yellow arrows point to membrane EGFR, and red arrows point to internalized EGFR. Scale bars are 7 �m. B,
WB analysis of WCL from HEK-EGFR T-REx cells following the indicated treatments. HEK-EGFR T-REx cells were untreated (Cont) or treated
at 37 °C with EGF (10 ng/ml) for 15 min (EGF37C) or with anisomycin (10 �M) for 30 min (Aniso); or the cells were incubated at 4 °C for 1 h
without any reagent treatment (Cont4C) or with EGF (EGF4C) or anisomycin (Aniso4C). Results shown are representative of three independent
experiments. C, Heat map showing relative amounts of site-specific EGFR phosphorylation in HEK293 T-REx (HEK) cells and HEK-EGFR T-REx
cells following the indicated treatments. Flag-tagged EGFR was isolated by immunoprecipitation and analyzed by LC-MS/MS. Phosphopeptides
were quantified according to integrated extracted ion currents with MaxQuant software. Values shown are means of three biological replicates. The
order in the vertical direction was established by manually clustering according to conditions associated with maximum phosphorylation, and with
Y phosphorylations highlighted in gray. Values for peptides of same sequence and number of phosphor-sites were summed and labeled with an
asterisk. The intensity bars on the far right represent Log10 of maximum intensities, and covering a range from 6 to 10.
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EGFR phosphorylation and ubiquitination were measured
by affinity purification-mass spectrometry (AP-MS) essentially
as described previously (29). In these experiments peptides
were measured by LC-MS/MS analysis of trypsin-digested
anti-Flag samples, and did not involve targeted enrichment of
modified peptides. In order to integrate and display the large
dataset, which represents three biological replicates and en-
compassing 30 EGFR phosphorylation sites associated with
seven cell states, a heat map was generated (see supplemen-
tal Table S1, which includes all peptide MS information in-
cluding phosphorylation site localization probabilities). The
measured EGFR phosphorylations encompass 7 pY, 19 pS,
and 4 pT sites, all of which have been reported previously,
except, to the best of our knowledge, pS227. The MS/MS
spectra for phospho-peptides were verified by manual in-
spection and shown in supplemental Fig. S6. Fig. 2C shows a
heat map representing EGFR phosphorylations associated
with five different cell states. Each phosphorylation site is
presented in a relative manner in proportion to the maximum
value measured at that site, and with limited summing of
values obtained from phospho-isomers as indicated by aster-
isks (see the legend to Fig. 2, and Experimental Procedures).
Relative levels of phosphorylation at a given site are compa-
rable in the horizontal direction as a function of the indicated
cell conditions and treatments. To the right of the heat map
“Intensity” bars provide an indication of the magnitude of the
MS signals associated with the indicated phospho-peptides.
However, because each peptide, including phospho-isomers,
has a distinctive MS response rate, the intensity values pro-
vide only a crude representation of peptide abundance. To
simplify the result, only phosphopeptides with MS intensity
values greater than 6.5 on a log10 scale are shown in Fig. 2C.
The data were manually organized in the vertical direction with
Y phosphorylations clustered at the top, and attempting to
group together phosphorylations that correlate positively with
the same treatment conditions. EGFR recovered from control
(Cont) and various 4 °C samples (i.e. Cont4C, Aniso4C, and
EGF4C) generally had very little S/T phosphorylation (Fig. 2C
and supplemental Table S1). As expected, phosphorylated
EGFR peptides were not detected by analysis of negative
control cells not expressing ectopic EGFR-Flag.

Each of the “stimulated” cell states was characterized by a
distinctive set of phosphorylations (Fig. 2C). All the detected
pY sites were maximally phosphorylated in response to EGF
prior to internalization (EGF4C). Curiously, a lone pS site at
EGFR residue 1104 was observed to follow the pY pattern of
maximum phosphorylation under the EGF4C condition, albeit
with a modest MS intensity of 2E�7. These sites were also
phosphorylated, but to a lesser extent post receptor internal-
ization (EGF37C). Six phosphopeptides, encompassing 11
pS/pT sites on the EGFR reached maximum levels under the
post-internalization condition (EGF37C). At this time point (i.e.
after 15 min at 37 °C) EGFR pY levels had diminished con-
siderably, although pY1016, the Grb2-binding site at pY1092,

and pY1197 persisted to a greater extent than the other pY
sites, consistent with previous observations that the latter two
sites reach relatively high stoichiometry (46). The values for
pY1092 and pY1197 under the EGF37C condition were, respec-
tively, 77% and 40% of their EGF4C values. These results are
in agreement with the anti-pY Western analysis (Fig. 2B).
AP-MS analysis revealed slight increases in EGFR phosphor-
ylation at Y1092 (1.8-fold increase) and Y1197 (1.6-fold in-
crease) following anisomycin treatment at 37 °C, which were
not easily discernable by Western analysis. EGFR from un-
stimulated cells (Cont), or cells incubated at 4 °C for 1 h
(Cont4C) or treated with anisomycin at 4 °C for 1 h (Aniso4C)
had fewer phosphorylation sites and signals (Fig. 2C and
supplemental Table S1). Peptides including pY998 and pY1069

were not detected. Y1069 is preceded by a trypsin cut site
(arginine) that may have been hindered by adjacent phosphor-
ylation at Y1069. Y998 phosphorylation accumulates with slow
kinetics at 37 °C (29), and is generally a more prominent
phosphorylation site in tumor tissue than cultured cells (47)
and hence would be expected to be only a minor modification
at the 15 min time point used in this study (29). Also, the lower
amount of EGFR (fivefold fewer copies per cell) and EGF
(10-fold less) used in this study compared with Tong et al. (29)
may be additional factors that limited the detection of these
phosphorylations.

There were 23 sites of S or T phosphorylation identified in
the seven samples, with nine showing highest signals in the
EGF37C sample (Fig. 2C and supplemental Table S1). Some
of these phosphorylations were also associated with the other
treatment conditions. They mapped to various intracellular
regions of the EGFR such as T693 and S695 in the juxtamem-
brane region, T725 near the amino-terminal end of the kinase
domain, and S1190/T1191 near the extreme carboxyl terminus.
Overall, EGFR from cells treated with anisomycin (Aniso) had
the highest pS/pT signals. Eleven of 23 identified pS/T sites
had their highest phosphorylation signals following anisomy-
cin treatment (Fig. 2C and supplemental Table S1). These
sites are distributed throughout the EGFR intracellular region
including the noted juxtamembrane sites (pT693, and pS695);
pS991 and pS995, which are proximal to Y998 and located
immediately carboxyl to the kinase domain; pS1039, pT1041,
and pS1042, which map to a S/T-rich region associated with
stress-induced, p38 MAPK-dependent phosphorylation (8,
29); and pS1070 and pS1071, which are stress-induced phos-
phorylation sites adjacent to the CBL-binding site at Y1069

(48). Four out of 5 multiply phosphorylated peptides such as
pT693pS695 and pS1039pT1041pS1042 had their greatest signals
in Aniso samples indicating simultaneous rather than discrete
modification of proximal residues during the cell stress
response.

The EGFR Interactome as a Function of EGF, Internalization,
and Stress—EGFR protein-protein interactions were mea-
sured and analyzed by using an AP-MS protocol (49), essen-
tially as described previously (29). Approximately 300 proteins
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were considered EGFR associated by having greater than
sixfold binding (p � 0.05) in EGFR complexes than controls
(supplemental Fig. S3A; see supplemental Table S2 for asso-
ciated protein MS information). Seventy-four proteins were
selected for further analysis (Fig. 3 and supplemental Fig.
S3B) based on their known EGFR interactions as listed in the
databases HAPPI (50) or HPRD (51), and/or known to be
involved in endocytosis/trafficking, or associated with the
processes of phosphorylation or ubiquitination. EGFR amount
was used to normalize the quantification of associated pro-
teins (see arrow in Fig. 3 and supplemental Fig. S3B). The heat
map shown in Fig. 3, organized in a supervised manner similar
to the phosphorylation analysis in Fig. 2C, showed that there
were overlapping groups of EGFR binding proteins defined by
their maximal EGFR association pre- and post-internalization,
or in response to anisomycin. Unsupervised hierarchical clus-
tering of the 74 proteins across the range of cell states gave
essentially the same result (supplemental Fig. S3B). In agree-
ment with the observed maximal EGFR Y phosphorylation in
the EGF-stimulated, pre-internalization condition, various sig-
naling proteins containing pY-binding domains were recov-
ered in highest amounts in the EGF4C samples, including for
example GRB2, CBL, SOS1/2, SHC1, phospholipase C-�1
(PLCG1), CSK, and VAV. Exceptions to this were two SH2
domain containing proteins, the Src-family tyrosine kinase
YES1, and the transcription factor STAT1. Both these proteins
displayed EGF-stimulated EGFR association under the
EGF4C condition, but unlike the other known pY-binding pro-
teins, which measured as maximum in the EGF4C samples,
they did not. YES1, which was also EGFR-associated under
basal, serum-deprived conditions, was most enriched in the
EGF37C samples. STAT1 association was stimulated by EGF
at 4 °C and decreased post-internalization (EGF37C), but was
most prevalent following the anisomycin treatment.

Five E3 ubiquitin ligases were measured as EGFR associ-
ated (Fig. 3). The observed EGF-stimulated strong binding of
CBL at 4 °C is consistent with the assumption that the known
CBL binding site containing pY1069 accumulated under the
EGF4C condition as expected. CBL association with EGFR
was strongly stimulated by EGF at 4 °C and greatly dimin-
ished after 15 min at 37 °C, and with even less receptor-
association detected in response to anisomycin. Like CBL,
HUWE1 and UBR4 were maximally associated with EGF-
stimulated EGFR prior to internalization. UBR4 was also re-
ceptor-associated to an extent prior to EGF treatment. ITCH
was unique in that it peaked in its EGFR association after
EGF-stimulated receptor internalization. Curiously, while

FIG. 3. The EGFR interactome before and after ligand and stress-
induced internalization. Heat map showing relative amounts of EGFR
(see arrow) and EGFR-associated proteins in HEK-EGFR T-REx cells

following the indicated treatments and AP-MS analysis. 74 known
EGFR associated proteins from immunoprecipitated wild type EGFR
after indicated treatment were grouped according to the condition
associated with their maximum EGFR association. The intensity bars
on the far right represent Log10 of maximum intensities, and covering
a range from 6 to 10.
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CBLB displayed EGF-stimulated EGFR association at 4 °C
that diminished following the 37 °C incubation similar to CBL,
it was distinctly different in that it displayed maximal EGFR
association in response to anisomycin (Fig. 3). The enzymes
PDK1, PLD3, and PRKAA1 displayed EGF-stimulated EGFR
association at 4 °C and accumulated to greater amounts un-
der the EGF37C condition, but showed only minor increases
in EGFR association in response to anisomycin. Ten clathrin
adaptor complex subunits were detected as inducibly EGFR
associated. In all cases their binding in response to EGF was
greater in the EGF37C samples than seen with EGF4C, but
the maximal association of these proteins was in response to
anisomycin, and is described further in the context of Fig. 6,
below.

EGFR Ubiquitination as a Function of EGF, Internalization,
and Stress—The EGFR IP samples from EGF-stimulated cells
were found to contain EGFR- and polyubiquitin-derived pep-
tides containing diglycine-modified lysine, which is a signa-
ture of ubiquitin modification (e.g. 52) (Fig. 4). A ubiquitin
modification at EGFR K970 is shown in Fig. 4A as a represent-
ative example of the characteristic 114 Da di-glycine lysine
modification detected by tandem MS. The detection of ubiq-
uitin peptides conjugated at position 11, 48, and 63 indicated
that EGFR or EGFR-associated proteins were polyubiquiti-
nated after EGF treatment (Fig. 4B). Compared with the K11

and K48 conjugates, ubiquitination at ubiquitin K63 showed

the highest MS intensity signal, consistent with Huang et al.
(53). EGFR was found ubiquitinated at 7 positions (K716, K737,
K757, K867, K875, K970, and K1061; Fig. 4B) in response to EGF
at 4 °C, which includes six previously documented sites within
the kinase domain, and K1061 located in carboxyl tail region.
The highest ubiquitination signals were associated with EGFR
after EGF treatment at 4 °C (Fig. 4B), indicating that ligand
activated EGFR became highly ubiquitinated before internal-
ization. The EGFR-derived diglycine peptides measured
�1.6-fold greater in the EGF4C than the EGF37C samples
suggesting an overall decline in EGFR ubiquitination following
internalization during the 15 min incubation at 37 °C. There
was detectable EGFR ubiquitination in resting cells (Cont),
with the major ubiquitination site being K875 and with the
major polyubiquitin linkage at ubiquitin K48 (see Cont, Fig. 4B).
The K48 linkage has been associated mainly with receptor
signaling rather than degradation (14, 26, 53). Ubiquitination
at EGFR K875 increased only 2.5-fold after EGF treatment at
37 °C (relative to Cont), whereas other sites such as K867 had
�20-fold increases. By contrast, there was no statistically
significant ubiquitination above control levels in response to
anisomycin treatment.

EGFR Interactions with Adaptins as a Function of Receptor
Phosphorylation and Cell State—As shown in Fig. 2C aniso-
mycin induced considerable phosphorylation at EGFR S1039

and simultaneously at neighboring residues including T1041

FIG. 4. EGFR ubiquitination before and
after EGFR internalization. A, Tandem
mass spectrum of the EGFR-derived
peptide of sequence ELIIEFSK970MAR,
containing diglycine-modified lysine, de-
noted gl after the modified reside, as a
mark of ubiquitination; associated with
EGF treatment at 37 °C. The y and b
series of ions are indicated. The se-
quence of the peptide derived from this
spectrum is shown at the top of the
panel. B, Heat map showing relative
amount of three ubiquitin peptides and 7
EGFR ubiquitination sites from EGFR IP
complexes with indicated treatment.
MaxQuant was used to quantify pep-
tides and proteins. The intensity bars on
the far right represent Log10 of maxi-
mum intensities, and covering a range
from 6 to 10.
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and S1042. An MS/MS spectrum of a triply phosphorylated
peptide containing all three modifications is shown in Fig. 5A.
Pronounced phosphorylation of these residues in response to
EGF was reported previously in the context of an endocyto-
sis-defective EGFR variant defective for phosphorylation at
position Y998 (29), and these phosphorylation sites map to a
region required for stress-induced EGFR recycling (8).

To further investigate the relationships between these
phosphorylations and EGFR trafficking and protein-protein
interactions, a series of phosphorylation-defective variants
were made (Fig. 5B). Alanine substitution at 1039 and 1041
yielded the respective variants S1039A and T1041A, and the
4A variant was generated by changing the wild type (WT)
sequence beginning at 1039 from SATS to AAAA. These
EGFR variants, and a phosphorylation-defective variant
Y998A were expressed in HEK293 T-REx cells (supplemental
Fig. S4A and Fig. 5C). After anisomycin treatment, WT EGFR,
and the Y998A and T1041A variants showed pronounced
upward band shifts, consistent with the interpretation these
receptors became highly S/T phosphorylated. This effect was
diminished in S1039A, and missing in the 4A variant (Fig. 5C).
K-means clustering analysis (of 20 samples with three biolog-
ical replicates) identified the same major correlations between
these treatments and EGFR phosphorylation, with ligand-
activated EGFR phosphorylation before internalization being
associated with receptor pY sites, and post-internalization
and stress-induced EGFR phosphorylations comprised of
maximum S/T phosphorylations (supplemental Fig. S4B).

Given the important role of the clathrin adaptor complexes
in endocytosis and intracellular trafficking (12, 20–22, 30), we

further examined the interaction of AP-1 and AP-2 subunits
with WT and phosphorylation-defective EGFR variants as a
function of EGF and anisomycin treatments (Fig. 6A). The
association of the ten different AP-1 and AP-2 adaptin sub-
units to WT EGFR was most pronounced following anisomy-
cin treatment, and this was essentially abolished in both the
Y998A and 4A variants. Compared with the anisomycin-in-
duced binding, a lesser amount of EGFR binding with the
adaptins was observed under the EGF37C condition, and this
too was abolished in the Y998A and 4A variants, although
with some residual binding observed between AP2A2 and
AP2M1 with the 4A variant (Fig. 6A; see also supplemental
Fig. S4C, supplemental Table S3 and supplemental Table S4).
A basal level of association between AP-2 subunits and WT
EGFR was observed in the absence of cell stimulation by EGF
or stress (Cont), and this was absent in the Y998A variant, but
largely unperturbed in the 4A variant. Similar amounts of AP-3
complex proteins were bound with EGFR under different con-
ditions including without EGF treatment (Cont, Fig. 3, EGF4C
group).

The loss of adaptin interactions with the variants prompted
an examination of their ubiquitination and endocytosis. Con-
sistent with the findings of WT EGFR, the variants were not
appreciably ubiquitinated following anisomycin treatment
(Fig. 6B). However EGF-stimulated receptor ubiquitination
was greatly decreased in the Y998A variant, and to a lesser
extent in the 4A variant (Fig. 6B). Also, with the Y998A variant,
there was a pronounced decrease in the recovery of K63 but
not K48 polyubiquitin moieties in the affinity purified EGFR
complexes (Fig. 6B).

FIG. 5. Altered SDS-PAGE mobility of EGFR variants as a measure of anisomycin-induced S/T phosphorylation. A, Tandem mass spectrum
of the triple phosphorylated EGFR peptide TPLLSSLpS1039ApT1041pS1042NNSTVACIDR associated with EGF treatment at 37 °C. The y and b
series of ions are indicated. The sequence of the peptide derived from the spectrum is shown at the top of the panel. B, The amino acid
sequence spanning EGFR residues 1039 through 1042 are shown for wild type and the indicated EGFR variant proteins. C, Western blot
analysis of WCL from cells expressing the indicated WT and variant EGFR proteins. HEK293 T-Rex cells were treated with Tet for 24 h for EGFR
induction, and then treated without or with anisomycin (10 �m, 30 min) as indicated. The upward band shift associated with anisomycin
treatment is an indication of S/T phosphorylation.
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As shown in Fig. 6C, the binding of the E3 ubiquitin ligases
was examined as a function of the phosphorylation site mu-
tations. In response to EGF at 4 °C, compared with WT EGFR,
both CBL and CBLB binding was slightly diminished in the
Y998A variant, but actually slightly increased in the 4A variant.
The anisomycin-stimulated binding of CBLB to WT EGFR was
greatly decreased in both the Y998A and 4A variants. Binding
of ITCH, which as described above was maximal under the
EGFR37C condition (Fig. 3), was unaffected by the Y998A
substitution, but abolished in the 4A variant.

Defective EGFR Down-regulation with Phosphorylation-de-
fective EGFR Variants Y998A and 4A—Given the altered ubiq-

uitination and adaptin interactions observed with the EGFR
phosphorylation-defective variants, their endocytosis was ex-
amined. Immunofluorescence analysis showed that as ex-
pected WT EGFR displayed intracellular punctate staining
characteristic of the endosome compartment following treat-
ment of cells at 37 °C with EGF for 15 min or anisomycin for
30 min (Fig. 7A). By contrast, under these conditions the
Y998A and 4A variant EGF receptors remained mostly aligned
with the cell periphery (Fig. 7A; also, see bright field images in
supplemental Fig. S5A). These results implied EGFR variants
had reduced EGFR internalization or possibly accelerated
EGFR recycling. A time-course Western analysis of EGFR

FIG. 6. AP complex association and ubiquitination of wild type and variant EGFR before and after EGF- and stress-induced internalization.
Shown are heat maps associated with WT and variant EGFR and the indicated cell treatments. A, Association of adaptin proteins; B,
Relative amounts of EGFR-associated poly-ubiquitin-derived peptides and EGFR-derived peptides containing diglycine-modified lysine,
as denoted by K-GG or K(gl), and indicating the position of the modified residue; C, Relative amount of five EGFR-associated E3 ubiquitin
ligases. MaxQuant was used for protein or peptide quantification, and log10 maximum intensity values within the range from 6 to 10 are
shown as blue bars.

Interactome and PTM Dynamics Associated with EGFR Endocytosis

Molecular & Cellular Proteomics 13.7 1653

http://www.mcponline.org/cgi/content/full/M114.038596/DC1


abundance following EGF stimulation indicated a more rapid
down-regulation of WT EGFR than Y998A and 4A EGFR (Fig.
7B). The level of WT was decreased to approximately one-half
within 60 min of EGF addition, which is consistent with the

interpretation that internalized receptors (Fig. 7A) were des-
tined for degradation. However, the variants Y998A and 4A
did not decrease to a T1/2 value until �180 min indicating a
relative impairment in down-regulation.

FIG. 7. Deminished internalization and degradation of EGFR variants Y998A and 4A EGFR. A, Immunostaining of WT and variant EGFR in
HEK293 T-REx cells associated with the indicated EGF and anisomycin treatments. The experiment was carried out as described for Fig. 2A.
B, EGFR degradation after EGF treatment. WB analysis was carried out on WCL from HEK293 T-REx cells expressing the indicated WT or
variant EGFR. Cells were incubated with 1 �g/ml Tet for 24 h to induce EGFR expression, and then treated with 100 ng/ml EGFR as indicated.
C, Measurement of cell surface localized EGFR. Cells expressing WT EGFR or the indicated variant receptor were incubated with 50 ng/ml
biotinylated EGF at 4 °C for 1 h. The bound biotinylated EGF, representing the amount of surface EGFR, was measured by HRP-
Streptavidin. D, Measurement of internalized EGFR. Following incubation with biotinylated EGF and monensin at 37 °C for 15 min, whole
cells were washed with acid to remove extracellular ligand, and then measured for internalized biotinylated EGF as a measure of
internalized EGFR. E, Using monensin and EGFR covalently modified with a cleavagle form of biotin to indirectly measure EGFR recycling.
Following EGF treatment for 15 min, biotin moities were cleaved from cell surface-exposed biotinylated EGFR, and then internalized
biotinylated EGFR were captured with streptavidin beads. EGFR was quantified by anti-Flag WB. The monensin-stimulated increase in
intracellular EGFR was taken as a measure of the recycling fraction of EGFR. Values shown are means of three biological replicates.
Asterisks denote p � 0.05, n � 3.
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Next, biotinylated EGF was used to quantify EGFR local-
ization after EGF treatment (33, 34). To measure surface
EGFR, biotinylated EGF was incubated with WT, Y998A and
4A EGFR cells at 4 °C for 1 h. HRP-conjugated streptavidin
was used to quantify biotinylated EGF. The results showed
that WT and mutant EGFR cells had comparable amounts of
EGF binding at 4 °C (Fig. 7C), confirming that the different cell
lines expressed similar amounts of cell surface-exposed
EGFR. To measure internalized EGFR, cells were treated with
EGF and the recycling inhibitor monensin (54). As expected,
monensin- but not vehicle-treated cells showed a dramatic
accumulation of internalized receptor in response to EGF
(supplemental Fig. S5B). Acid washing was used to strip away
extracellular biotin-EGF, which allowed the quantification of
endocytosed biotin-EGF. As shown in Fig. 7D, compared with
cells expressing WT EGFR, cells expressing the Y998A and
4A variants accumulated significantly less internalized biotin-
EGF. To further test whether the EGFR variants had altered
EGFR recycling, EGF-induced internalization of biotinylated
EGFR was measured. EGFR at the cell surface was covalently
modified with cleavable biotin, and then cells were treated
with or without monensin and EGF as described previously (8,
31). After first eliminating surface-exposed biotin by cleavage,
internalized biotin labeled EGFR (i.e. following EGF stimula-
tion) was captured by using streptavidin affinity purification
and detected by Western blot (supplemental Fig. S5C). Inter-
nalized biotinylated EGFR captured as a function of monensin
thus represents a population of internalized receptors that
would have recycled back to the cell surface (supplemental
Fig. S5C). By this analysis there was no significant difference
in the recycling of the Y998A and 4A variants compared with
WT (n � 3; Fig. 7E). Therefore, compared with WT EGFR, the
Y998A and 4A EGFR variants had reduced binding to clathrin
adaptor complexes, reduced EGFR internalization, and re-
duced EGF-stimulated degradation.

DISCUSSION

Knowledge of the molecular events that regulate and signify
EGFR internalization and stability may reveal new strategies
to treat EGFR-driven tumors. The objective of this study was
an integrated analysis of EGFR phosphorylation, ubiquitina-
tion, and protein-protein interactions before and after ligand-
stimulated internalization, and compared with receptors inter-
nalized as a consequence of anisomycin-induced cellular
stress. To complete this study experimental conditions were
established as models of pre- and post-internalized EGFR.
EGF receptors of cells exposed to EGF at 4 °C were retained
at the plasma membrane and did not activate ERK, but be-
came fully catalytically activated, accumulated tyrosine phos-
phorylation in the carboxyl-terminal tail region, and associ-
ated with known major binding partners including Shc1 and
Grb2. Subsequent incubation of EGF-treated cells at 37 °C
allowed receptor internalization and activation of ERK. Other
approaches to impede EGFR internalization have been devel-

oped including expression of a K44A dynamin variant (55),
tamoxifen-induced depletion of dynamin (56), and by using a
small molecule inhibitor of dynamin GTPase activity (57). For
pY sites that were maximally phosphorylated at 4 °C, their
average decrease in phosphorylation after the 37 °C incuba-
tion (�twofold) is similar to the dynamic range measured in
other studies that have aimed to capture early peaks in EGF-
stimulated EGFR phosphorylation at 37 °C (58, 59) (Fig. 2C
and supplemental Fig. S4B). This suggests the EGF4C proto-
col did not result in an over-accumulation of receptor tyrosine
phosphorylation, and is consistent with, but does not prove a
model wherein EGFR is capable of reaching maximum tyro-
sine phosphorylation rapidly after ligand stimulation, prior to
internalization. Anisomycin activated p38 MAPK, as evi-
denced by p38 activation loop phosphorylation, and triggered
EGFR internalization comparable to that induced by EGF.
These results support our HEK293 cell model and experimen-
tal protocol as a valid system for the analysis of the dynamics
and molecular features of ligand- and stress-induced EGFR
internalization.

In terms of EGFR phosphorylation dynamics, our results are
consistent with the comprehensive study by Olsen et al. (58),
which showed in a cell model that most EGFR S/T phosphor-
ylations increase gradually after an initial wave of Y phosphor-
ylation, and plateau �20 min after EGF treatment. Inducible
phosphorylation of EGFR S/T sites was closely related to
receptor internalization, with only very little detected prior to
internalization. An exception to this was EGFR residue S1104,
which became maximally phosphorylated in response to EGF
prior to EGFR internalization. This indicates that the EGFR
signaling network includes an EGFR serine kinase(s) activated
as part of an immediate/early response to EGFR activation.
Our study did not address the identity of the kinase(s) respon-
sible for this modification. However, in a previous study we
identified EGFR sites S1039 and T1041 as p38 MAPK-depen-
dent phosphorylation sites modified in response to EGF and
stress (29). The loss of the EGFR gel shift phenomenon in the
EGFR 4A variant in which phosphorylation sites at/near S1039

were changed to Ala suggests this is a major region of EGFR
phosphorylation associated with stress-induced internaliza-
tion. This is further supported by the detection of peptides
from this region that were multiply phosphorylated and asso-
ciated with strong MS intensities in response to anisomycin
(Fig. 2C), and because a deletion encompassing this region
was found defective for stress-induced EGFR recycling (8).
However, our data indicate EGFR phosphorylation at/near
S1039 also plays a role in the cellular response to EGF. This is
because the EGFR 4A variant was resistant to EGF-induced
internalization and down-regulation compared with the wild
type receptor (Fig. 7). We conclude that EGFR phosphoryla-
tion at/near S1039 is positively correlated with the extent of
EGFR recycling, hence more prominently phosphorylated in
response to anisomycin than EGF, as seen in Fig. 2C. This
is consistent with our observation that EGFR Y998F,
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which is subject to elevated recycling in response to EGF
(supplemental Fig. S5B), accumulates high levels of pS1039 and
pT1041, compared with WT EGFR (29).

When EGF receptors were activated by ligand at 4 °C, the
condition that resulted in the greatest EGFR pY accumulation,
maximal association was measured between the receptor and
various signaling proteins containing pY-binding domains
(e.g. SH2, PTB). These interactions are canonical (60), and
clearly do not require receptor internalization. In addition to
pY-mediated protein-protein interactions, EGFR trafficking in-
volves cycles of ubiquitin attachment and removal, and in-
volvement of different E3 ubiquitin ligases and de-ubiquinat-
ing enzymes (3, 5, 61). CBL and CBLB are structurally related
paralogous gene products that are widely co-expressed and
thought to play redundant cellular roles (62). Our analysis
revealed distinctive differences in their EGFR associations,
including the maximal association of CBLB in response to
anisomycin, which was not associated with receptor ubiquiti-
nation or Y phosphorylation (Fig. 3). This indicates that CBLB
association does not require receptor Y phosphorylation, and
does not necessarily lead to EGFR ubiquitination. Hence
CBLB may function to some extent in the general absence of
elevated tyrosine kinase activity and without catalyzing sub-
strate (EGFR) ubiquitination. ITCH is known to become tyro-
sine phosphorylated after EGFR stimulation, and to associate
with CBL (63). However, because we observed that ITCH
association with EGFR increased post-internalization during
which time CBL association decreased, it is unlikely the ITCH
association was mediated solely by CBL. Our data suggest
that ITCH may function after the other E3 ubiquitin ligases,
because it was uniquely more highly EGFR associated post-
internalization.

We note that our AP-MS protocol does not distinguish
between proteins associated directly or indirectly with the
EGFR. In addition, while captured EGFR complexes were
enriched for both K48 and K63 types of polyubiquitin chains in
response to EGF, our data do not indicate which proteins
were modified, except for those cases where we measured
directly EGFR-derived peptides bearing the di-glycine signa-
ture of ubiquitination. Curiously, among the EGFR ubiquitina-
tion sites, K875 was distinctive in three respects. First, it was
apparent under basal conditions (i.e. prior to EGF addition);
second, the magnitude of its EGF-stimulated increase was
�10-fold less than the other EGFR ubiquitination sites (Fig. 4);
and third, it accumulated to maximum levels under the
EGF37C condition in the context of the 4A variant. This sug-
gests K875 modification may be associated with EGFR traf-
ficking at a stage demarcated by the 4A mutation, which, as
noted above, is associated with EGFR recycling.

EGFR association with the heterotetrameric clathrin adap-
tor complexes AP-1 and AP-2 has been observed previously
(64). Herein, AP-1 and AP-2 were strongly associated with
EGFR internalization in response to anisomycin stress and/or
EGF (Fig. 6). This is consistent with the known role of AP-2 in

endocytosis, and indicates overlap in the molecular mecha-
nism of EGFR internalization by ligand and stress. AP-1, not
typically associated with CME, is involved in trafficking be-
tween the trans-Golgi network and endosome compartment
(65). Our data suggest this trafficking axis is associated with
EGFR following both EGF-stimulated and stress-induced
EGFR internalization. The EGFR variants 4A, and especially
Y998A, were strikingly defective for interaction with these
complexes, and in the case of Y998A showed diminished
EGF-stimulated ubiquitination. These data are generally con-
sistent with previous studies linking Y998 and the region en-
compassing S1039 and proximal S/T sites in EGFR trafficking
(8, 22, 28, 29). A model emerges wherein phosphorylation in
these EGFR tail regions modulates protein interactions and
ubiquitination modifications that ultimately govern the bal-
ance between recycling and lysosome trafficking, and hence
net stability of internalized EGF receptors. Because we have
not observed Y998 to become phosphorylated in response to
anisomycin, we conclude the phenotype of the Y998A sub-
stitution is not caused by a defect in Y998 phosphorylation. We
conclude clathrin AP adaptor complex binding involves a
mechanism compatible with the tyrosine (or phenylalanine, as
shown in supplemental Fig. S5) but not an alanine side chain
at this position. Lastly, because phosphorylation at Y998 ac-
cumulates relatively slowly following EGF-induced EGFR ac-
tivation (29, 58), we further speculate this modification may
curtail or modulate clathrin AP adaptor complex interactions
as a mechanism to limit the duration or extent of receptor
down-regulation induced by ligand, and thereby preserve a
pool of receptors. The testing of such models may uncover
additional factors involved in the modulation of receptor sig-
naling, trafficking, and stability, which in turn may reveal new
strategies to treat EGFR-driven tumors.
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