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Quantitative Tyrosine Phosphoproteomics of
Epidermal Growth Factor Receptor (EGFR)
Tyrosine Kinase Inhibitor-treated Lung
Adenocarcinoma Cells Reveals Potential Novel
Biomarkers of Therapeutic Response*s
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Mutations in the Epidermal growth factor receptor (EGFR)
kinase domain, such as the L858R missense mutation and
deletions spanning the conserved sequence 7#’LREA7%°,
are sensitive to tyrosine kinase inhibitors (TKIs). The gate-
keeper site residue mutation, T790M accounts for around
60% of acquired resistance to EGFR TKis. The first gen-
eration EGFR TKiIs, erlotinib and gefitinib, and the second
generation inhibitor, afatinib are FDA approved for initial
treatment of EGFR mutated lung adenocarcinoma. The
predominant biomarker of EGFR TKI responsiveness is
the presence of EGFR TKIl-sensitizing mutations. How-
ever, 30-40% of patients with EGFR mutations exhibit
primary resistance to these TKils, underscoring the unmet
need of identifying additional biomarkers of treatment
response. Here, we sought to characterize the dynamics
of tyrosine phosphorylation upon EGFR TKI treatment of
mutant EGFR-driven human lung adenocarcinoma cell
lines with varying sensitivity to EGFR TKis, erlotinib and
afatinib. We employed stable isotope labeling with amino
acids in cell culture (SILAC)-based quantitative mass
spectrometry to identify and quantify tyrosine phospho-
rylated peptides. The proportion of tyrosine phosphoryl-
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ated sites that had reduced phosphorylation upon erlo-
tinib or afatinib treatment correlated with the degree of
TKI-sensitivity. Afatinib, an irreversible EGFR TKI, more
effectively inhibited tyrosine phosphorylation of a majority
of the substrates. The phosphosites with phosphoryla-
tion SILAC ratios that correlated with the TKI-sensitivity
of the cell lines include sites on kinases, such as EGFR-
Y1197 and MAPK7-Y221, and adaptor proteins, such as
SHC1-Y349/350, ERRFI1-Y394, GAB1-Y689, STAT5A-
Y694, DLG3-Y705, and DAPP1-Y139, suggesting these
are potential biomarkers of TKI sensitivity. DAPP1, is a
novel target of mutant EGFR signaling and Y-139 is the
major site of DAPP1 tyrosine phosphorylation. We also
uncovered several off-target effects of these TKils, such
as MST1R-Y1238/Y1239 and MET-Y1252/1253. This
study provides unique insight into the TKI-mediated
modulation of mutant EGFR signaling, which can be
applied to the development of biomarkers of EGFR TKI
response. Molecular & Cellular Proteomics 16:
10.1074/mcp.M117.067439, 891-910, 2017.

Lung cancer is the leading cause of cancer-related deaths
worldwide (1). Epidermal growth factor receptor (EGFR) is a

" The abbreviations used are: EGFR, epidermal growth factor re-
ceptor; ACN, Acetonitrile; DAPP1, Dual Adapter for Phosphotyrosine
and 3-phosphotyrosine and 3-phosphoinositide; ECL, Enhanced
Chemiluminescence; EGF, Epidermal Growth Factor; FBS, Fetal. Bo-
vine Serum; FET, Fisher Exact Test; HCD, High-energy Collision
Dissociation; HEK, Human Embryonic Kidney; H/L, Heavy/Light; H/M,
Heavy/Medium; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid; HRP, Horseradish Peroxidase; MAB, Monoclonal Antibody;
M/L, Mediam/Light; NSCLC, Non Small Cell Lung Cancer; PBS,
Phosphate-buffered Saline; PTM, post-translational modification;
RPLC, Reverse Phase Liquid Chromatography; RPMI, Roswell Park
Memorial Institute; RTK, Receptor Tyrosine Kinase; SILAC, Stable
Isotope labeling in Cell Culture; SDS, Sodium Dodecyl Sulfate; S.D.,
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predominant driver oncogene and therapeutic target mutated
in 10-15% of NSCLC patients in the United States and 30—
40% of patients in Asian countries. Mutations in the kinase
domain, most commonly a point mutation in exon 21 (L858R)
or deletions in exon 19 (e.g. E746-A750) are activating muta-
tions associated with constitutive EGFR kinase activity and
sensitivity to EGFR-specific tyrosine kinase inhibitors (TKIs),
such as erlotinib (2-6). Unfortunately, approximately one year
after treatment all patients treated with EGFR-TKIs develop
drug-resistance. About 60% of acquired resistance to the first
and second generation EGFR TKis in patients can be attrib-
uted to acquisition of a secondary mutation at the gatekeeper
residue (T790M) of the EGFR kinase domain (7, 8). Currently,
there are limited options for circumventing acquired resist-
ance to the first-generation EGFR-TKIs, gefitinib and erlotinib.
Afatinib, an FDA approved second generation EGFR-TKI that
was developed to circumvent T790M-mediated resistance,
has not been very effective in clinical trials (9). Recently, the
third-generation EGFR TKis, osimertinib and rociletinib have
shown promising results in clinical trials for the treatment of
patients harboring the EGFR T790M mutation (10). Based on
these promising results osimertinib was recently approved by
the FDA for second line treatment of EGFR mutant patients
who develop the T790M mutation.

Erlotinib and afatinib are both approved for first line treat-
ment of patients with TKI-sensitizing EGFR mutations. How-
ever, 30-40% of patients have intrinsic resistance to these
TKls (11-14). Although several mechanisms of acquired re-
sistance have been elucidated, mechanisms of intrinsic resist-
ance are poorly understood. EGFR T790M mutation, MET
amplification (15-19), and small cell lung cancer (SCLC) trans-
formation (20, 21) are responsible for acquired resistance in a
large number of patients, however, in many cases (estimated
20-25%) the mechanism is still unknown. Hence there is an
unmet need to identify novel biomarkers of EGFR TKI re-
sponse and resistance. EGFR gene mutations revealed by
sequencing are the proven biomarkers of EGFR TKI sensitiv-
ity; however, the phenomenon of intrinsic resistance demon-
strates that there are other factors modulating sensitivity to
EGFR TKis.

Quantitative shotgun proteomics is now widely used as a
potent technology for discovery-based analysis of complex
biological systems. The approach of immunoaffinity enrich-
ment followed by mass spectrometry allows identification of
low abundance tyrosine phosphorylated proteins (22). A
global study has identified several oncogenic kinases such as
EGFR, c-MET, PDGFR«, DDR1, and novel ALK and ROS
fusions in non small cell lung cancer (NSCLC) cell lines (23)
and tumor specimens (24). Quantitative profiling of phospho-
tyrosine performed on two adenocarcinoma cell lines with
variable sensitivities to the EGFR TKI gefitinib, showed that an

Standard Deviation; TKI, Tyrosine Kinase Inhibitor; TFA, Trifluoroace-
tic acid; YFP, Yellow fluorescent protein.

extensive downstream signaling network of mutant EGFR was
inhibited upon treatment (25, 26). In addition, tyrosine phos-
phorylation of EGFR and other kinases was found to be down-
regulated in NSCLC cell lines treated with dasatinib (26),
gefitinib (27), and afatinib (28). In our previous studies, we
have employed a stable isotope labeling with amino acids in
cell culture (SILAC) approach, phosphopeptide enrichment
and quantitative MS to identify phosphorylation targets of
mutant EGFRs in isogenic human bronchial epithelial cells
and lung adenocarcinoma cells (29, 30).

In this study, we used SILAC and quantitative phosphopro-
teomics following enrichment of tyrosine phosphorylated
peptides to elucidate the global dynamic changes of tyrosine
phosphorylation upon treatment of TKl-sensitive and -resist-
ant lung adenocarcinoma cells with either erlotinib or afatinib.
We identified candidates with dynamic phosphorylation changes
that are associated with the known sensitivity pattern of the
TKis, suggesting this approach can be used to discover po-
tential biomarkers of EGFR TKI response and further elucidate
the mechanisms of intrinsic or acquired resistance.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—H3255, PC9, and H1975 cell lines
were obtained from ATCC. 11-18 was kindly provided by Koichi
Hagiwara. The cells were cultured at 37 °C, 5% CO, for at least five
passages in RPMI medium 1640 (Pierce, Rockford, IL) containing
L-arginine and L-lysine (light), "*C4-Arginine and D,-Lysine (medium),
or '3C4'®N,-Arginine and '®C4'°N,-Lysine (heavy) (Cambridge Iso-
tope laboratories, Tewksbury, MA) with 10% dialyzed fetal bovine
serum (Invitrogen, Carlsbad, CA) and 1% penicillin/streptomycin. Af-
ter complete labeling, the cells were expanded to 15 cm dishes. In
FBS experiments, the cells were grown in FBS containing medium,
untreated (“light state”), or treated with erlotinib (100 nm) (“medium
state”), or afatinib (100 nm) (“heavy state”) for 1 h. In H1975 cells, three
more biological replicates were performed by altering the SILAC
labeling between experiments, where the light and medium states
were the cells grown in complete medium treated with erlotinib (100
nv) or afatinib (100 nm) for one hour, and the heavy state was the
DMSO treated control cells. In parallel experiments, the cells were
serum starved for 16 h prior to EGF and TKI treatment. The three
states of SILAC were cells untreated (light), stimulated with EGF (100
ng/ml) for 3 min (medium), and treated with erlotinib or afatinib (100
nm) for 1 h before EGF stimulation (heavy).

Generation of EGFR Mutant Mouse Tumor Lysates—Doxycycline-
inducible EGFR-8°57 transgenic mouse lung tumors were generated
and followed by serial MRI as described before (31). Mice with lung
tumors were either left untreated or treated with erlotinib at 25 mg/Kg
daily by intraperitoneal injection. Mice were euthanized at early time-
period (1 day) or late time period (25-41 days) to harvest lung tumors.
Tumors were frozen in liquid nitrogen. About 10-15 mg of tumor
tissue was lysed in 400 ul of urea lysis buffer supplemented with
protease and phosphatase inhibitors using a tissue lyser (Qiagen,
Germantown, MD). Lysates were centrifuged at 14,000 rpm at 4 °C for
10 mins and the clear supernatants were transferred to new tubes.

Mass Spectrometry Sample Preparation—Cells were lysed with
urea lysis buffer (20 mm HEPES pH 8.0, 8 M urea, 1 mm sodium
orthovanadate, 2.5 mm sodium pyrophosphate and 1 mm B-glycero-
phosphate). Protein concentrations were determined by the Modified
Lowry method (BioRad, Hercules, CA). Equal amounts of protein from
lysates of each SILAC state were mixed together to constitute 30 mg
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pooled lysate. The combined lysate was reduced with 45 mwm dithrio-
threitol (Sigma Aldrich, St. Louis, MO), alkylated with 100 mm iodo-
acetamide (Sigma Aldrich), and subsequently digested with trypsin
(Worthington, NJ) at 37 °C overnight. The digest was then acidified to
1% TFA and peptides were desalted using solid phase extraction C18
column (Supelco, Bellefonte, PA), lyophilized and stored at —80 °C.

Affinity Enrichment of Phosphotyrosine Peptides—Phosphoty-
rosine peptides were enriched prior to mass spectrometry analyses
using a PhosphoScan Kit (p-Tyr-100 and p-Tyr-1000, Cell Signaling,
Danvers, MA). The lyophilized peptide was dissolved in IAP buffer (50
mMm MOPS, pH 7.2, 10 mm sodium phosphate, 50 mm NaCl) and
incubated with 40 ul of immobilized anti-phosphotyrosine antibody
for 1 h at 4 °C. The antibody beads were centrifuged for 1 min at
1500 g, and the supernatant was separated and saved. The antibody-
bound beads were washed 3 times with 1 ml of IAP buffer and twice
with water by inverting tube 5 times at 4 °C. The phosphotyrosine-
containing peptides were eluted from antibody with 55 ul of 0.15%
TFA by gently tap the bottom of the tube and incubate at room
temperature for 10 min.

Capillary RPLC-MS/MS Analyses—Enriched phosphopeptides
were analyzed on a LTQ Orbitrap XL ETD (Thermo Scientific, San
Jose, CA) mass spectrometer interfaced with a dual nano pump
(Eksigent, Dublin, CA) and an Agilent 1100 microwell plate autosam-
pler. Phosphopeptides were loaded onto a trap column (75 um x 2
cm, Magic C18AQ, 5 um, 100A, Michrom Bioresources), separated
on an analytical column (75 um x 15 cm, Magic C18AQ, 5 um, 1004,
Michrom Bioresources,) at 300 nL/min flow rate with a running time of
100-130 min. The MS data were acquired at a resolution of 60,000 at
m/z 350-1800 and MS/MS data were acquired on an ion trap. For
each cycle of data dependent analysis, the 6 or 10 most abundant
precursors were selected for MS/MS analysis with normalized colli-
sion energy of 35%. Multistage activation mode was enabled with
neutral loss masses of 32.66, 48.99, and 97.97. Selected ions for
fragmentation were excluded dynamically for 90 s.

Phosphopeptides enriched from the repeated experiments of
H3255, 11-18, and H1975 cell lines in the presence of FBS were
analyzed on a LTQ-Orbitrap Elite (Thermo Scientific, San Jose, CA)
and SilicaTip emitter (New Objective, Woburn, MA) for electrospray
ionization. An Easy-nLC 1000 (Thermo Scientific) was used for on-line
RPLC separation. The enriched phosphopeptides were loaded onto a
nano-trap column (Acclaim PepMap100 Nano Trap Column, C18, 5
nm, 100 A, 100 um i.d. x 2 cm) and separated on a nano-LC column
(Acclaim PepMap100, C18, 3 um, 100 A, 75 um id. x 25 cm,
nanoViper). Mobile phases A and B consisted of 0.1% formic acid in
water and 0.1% formic acid in 90% ACN, respectively. Peptides were
eluted from the column at 250 nL/min using the following linear
gradient: from 2 to 8% B in 5min, from 8 to 32% B in 100 min, from
32 to 100% B in 10 min, and held at 100% B for an additional 10 min.
The spray voltage was 2.2 kV. Full spectra were collected from m/z
350 to 1800 in the Orbitrap analyzer at a resolution of 120,000,
followed by data-dependent HCD MS/MS scans of the top 10 or 15
most abundant ions, using 32% collision energy. A dynamic exclusion
time of 30 or 60 s were used to discriminate against the previously
analyzed ions.

Data Analysis—Peptides and proteins were identified and quanti-
fied using the Maxquant software package (version 1.3.0.5) with the
Andromeda search engine (32). MS/MS spectra were searched
against the Uniprot human protein database (May 2013, 38523 en-
tries) and quantification was performed using default parameters for
3 states SILAC in MaxQuant. Mouse data was searched using the
Maxquant (version 1.5.5.1) against the Uniprot mouse protein data-
base (May 2013, 26304 entries) that had human EGFR protein entry
added because the transgenic mouse tumors express human mutant
EGFRs. Maxquant was used to perform label free quantitation for the

mouse data. The parameters used for data analysis include trypsin as
a protease with two missed cleavage sites allowed. Carbamidomethyl
cysteine was specified as a fixed modification. Phosphorylation at
serine, threonine and tyrosine, deamidation of asparagine and gluta-
mine, oxidation of methionine and protein N-terminal acetylation were
specified as variable modifications. The precursor mass tolerance
was set to 7 ppm and fragment mass tolerance to 20 ppm. False
discovery rate was calculated using a decoy database and a 1%
cut-off was applied to both peptide table and phosphosite table.
Ninety-nine percent of the phosphosites are Class | and Class Il sites
(localization probability greater than 0.5).

Combined normalized SILAC ratio and intensities of the phospho-
sites from label-free mice were obtained from the MaxQuant search.
Perseus (version 1.5.5.3) was used to view and further analyze the
data. For label-free quantitation, imputation of missing values was
performed in Perseus where missing values are replaced by random
numbers that are drawn from a normal distribution of the whole data
matrix. Hierarchical clustering of phosphorylation was obtained in
Perseus using log, SILAC ratios for cell line SILAC experiments and
log intensities for the mouse label free experiments. Box and Whisker
plots were made in Microsoft Office Excel for the selected genes by
using the log intensities of the mouse label free quantitation data.

Kinase/Phosphatase Substrate Analysis—We used Fisher’s exact
test (FET) to identify kinases and phosphatases whose substrates
were significantly hyper/hypo phosphorylated following EGFR inhibi-
tion. FET uses the hypergeometric test to calculate the significance of
overlap of hyper/hypo phosphorylated substrates with the substrates
of kinases/phosphatases. For this analysis, we used the substrates of
various kinases obtained from a context-free network databases
called STRING (33) for this analysis. To obtain high quality interac-
tions from this database, we filtered out any interactions which were
not reported to be experimentally validated, resulting in 423 interac-
tions for 61 different tyrosine kinases and 957 interactions for 110
different phosphatases. We also downloaded DEPOD database
(http://www.koehn.embl.de/depod/) to obtain substrates for phos-
phatases resulting in 396 interactions for 76 phosphatases.

We selected kinases, which significantly regulated substrates hy-
per-phosphorylated (up in M/L) following EGF stimulation and hypo-
phosphorylated (down in H/M) following treatment with EGFR inhib-
itor (p value = 0.05). For phosphatases, we selected those which
significantly regulated substrates hypo-phosphorylated (down in M/L)
following EGF stimulation and were hyper-phosphorylated (up in H/M)
following the treatment with EGFR inhibitor.

The protein-protein interaction (PPI) maps of EGFR pathway sub-
strates with altered phosphorylation upon drug treatment were im-
ported from the “STRING: protein query” module of the cytoscape
software (San Diego, CA, USA, version 3.4.0) (34) with the confidence
cutoff of 0.80. These maps were analyzed for functional enrichment of
the gene ontology biological process categories using the ClueGO
2.2.6 plugin (35) with the kappa statistic > = 0.4, a two-sided hy-
pergeometric test for enrichment with Benferroni step down method
for correction of the multiple hypothesis testing. A p value of 0.001
was used as the cut-off criterion.

Antibodies, Phospho-MAPK Array and Phospho-RTK Array—The
primary antibodies against EGFR, pEGFR-Y1173, MAPK7, pMAPK?7-
Y220, ERK1/2, pERK1-Y204, ErbB3, pErbB3-Y1328, MET, pMET-
Y1234/1235 EphA2, pEphA2-Y594, PKC3, and pPKCé-Y311 were
obtained from Cell Signaling Technology. MAB108 hybridoma for
mouse monoclonal antibody against human EGFR was obtained from
ATCC and antibody purified in a core facility using standard proce-
dures. Rabbit DAPP1 specific antibody was obtained from Protein
Tech, Inc. Rabbit pY139-DAPP1 specific antibodies was prepared in
collaboration with Rockland Immunochemicals Inc., Pottstown, PA.
4G10-HRP antibody was obtained from Millipore, Billerica, MA.
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Mouse monoclonal antibody against DAPP1 (BAM32/E10) was ob-
tained from Santa Cruz Biotechnology, Santa Cruz, CA. Antibody
against RhoGDI (Sigma) was used as loading control. Membranes
were incubated with ECL (Amersham Biosciences, Piscataway, NJ)
for 2-5 min prior to imaging in FluoChem HD2 Imaging System (Alpha
Innotech) or Odyssey Fc Imaging System (LI-COR, Lincoln, NE). For
phospho-MAPK and phosphor-RTK arrays, cells were washed with
PBS and lysed with lysis buffer 6 (R&D systems, Minneapolis, MN)
and centrifuged to remove cell debris. The human Phospho-MAPK
array and human Phospho-Receptor Tyrosine Kinase array kit (R&D
systems) were used according to the manufacturer’s instructions.
siRNA Transfection and Cell Viability Assay—H3255, H1975, PC9,
11-18, HCC827, A549, H358, and H2303 cells were maintained in
Roswell Park Memorial Institute (RPMI) medium supplemented
with 10% fetal bovine serum and transfected with siRNA using the
DharmaFECT transfection reagent (Darmacon, Lafayette, CO). Non-
target siRNA and siRNA death were used as negative and positive
control respectively. The cell viability was measured 72 h after trans-
fection using Cell Titer-Glo Luminescent Assay (Promega, Madison,
WI) or AlamarBlue cell proliferation protocol (ThermoFisher).
Plasmids, Transfection, Lysate Preparation, Immunoprecipitation,
and Immunoblot Analysis—Wild type DAPP1-YFP fusion plasmid was
obtained from Dr. Lawrence E. Samelson (Center for Cancer Re-
search, NCI, NIH). Mutation of DAPP1 plasmid to express Y139F
DAPP1-YFP fusion protein was carried out at the National Cancer
Institute Core Facility, Frederick, MD. Sources of wild type EGFR and
mutant EGFR has been described elsewhere (36). For expression of
wild type and mutant DAPP1 and EGFRs, HEK 293 cells were trans-
fected with plasmid combinations using X-treamgene 9 DNA trans-
fection reagent following manufacturer’s recommendations. 24 h
post-transfection, the medium was replaced with fresh growth me-
dium. After an additional 48 h of growth, cell lysates were prepared.
For immunoblot analysis, cells were lysed in modified RIPA lysis
buffer (150 mm NaCl, 1.0% IGEPAL CA-630, 0.5% sodium deoxy-
cholate, and 50 mm Tris, pH 8.0), whereas for immunoprecipitation,
cell extracts were prepared in Nonidet P-40 lysis buffer supplemented
with protease and phosphatase inhibitors. For immunoprecipitation
1000 pg of lysate was incubated overnight at 4°C with 2 to 5 pg of
mouse anti-EGF monoclonal antibody (MAB108) or mouse anti-
DAPP1 monoclonal antibodies. The antigen-antibody complex was
then captured, washed, and extracted as described somewhere else
(36). Proteins were fractionated by SDS-polyacrylamide (4-15%) gel
electrophoresis, transferred to nitrocellulose membrane by the semi-
dry transfer method and probed with the specified antibody.
Experimental Design and Statistical Rationale—For the FBS exper-
iments of H3255, 11-18 and H1975 cells, four, three and three bio-
logical replicates, respectively, were cultured independently, followed
by enrichment of phosphotyrosine-containing peptides and MS anal-
ysis. In H1975 cells, three more biological replicates were performed
by altering the SILAC labeling between experiments. For serum
starved experiments, two biological replicates of H3255 and 11-18,
three biological replicates of PC9 and four biological replicates of
H1975 were performed. Phosphorylation changes were estimated by
3-state SILAC labeling on precursor peptide intensities in MaxQuant.
Histograms of the log, SILAC ratios (normalized M/L, H/L, H/M of
each individual replicates and final combined ratios) of FBS and
serum starved experiments were plotted for individual cell lines and a
combined histogram obtained for all FBS SILAC ratios and all serum
starved SILAC ratios (37). Phosphosites with 2-fold changes of final
normalized combined ratio in either up or down regulated direction
were considered as significant changes, which corresponds to the
+0.84 S.D. of mean in the serum starved experiment, - 0.7 S.D. and
+1.6 S.D. of mean for the FBS experiment. The 2-fold cut-off used
here has been used as a cut-off of biological significance in SILAC

experiments (25, 37-42). In the FBS experiments, mean *= 1.58D
corresponds to SILAC ratios of 1.8 and 0.3, respectively.

RESULTS

Identification of Tyrosine Phosphorylated Peptides and
Quantitation of Phosphorylation in Lung Adenocarcinoma
Cells Upon Erlotinib or Afatinib Treatment—Four human lung
adenocarcinoma cell lines with EGFR mutations and increas-
ing resistance to the first-generation EGFR-TKI erlotinib
were used for tyrosine phosphoproteomics analysis. H3255
(EGFR"#°8R) and PC9 (EGFRP®' 746-750) gre the most sensitive
cells. 11-18 (EGFR"®%8%) has intermediate sensitivity, and
H1975 (EGFR-858R/T790M) i5 erlotinib resistant. Cells were
treated with either erlotinib or afatinib under the following
growth conditions: (1) complete medium (FBS experiments) or
(2) serum starved cells stimulated with EGF or TKI treated
before EGF stimulation (serum starved experiments). Because
tumor cells in vivo are always under the influence of various
ligands, FBS experiments better represent the tumor cells in
vivo. Because EGFR mutants exhibit constitutive activity, but
may still be further stimulated with EGF, TKI treatment and
EGF stimulation of serum starved cells is expected to dem-
onstrate greater dynamic changes in phosphorylation aiding
in the identification of mutant EGFR targets. Western blot
analysis showed that treatment of H3255 cells with either
erlotinib or afatinib followed by EGF stimulation resulted in a
global decrease in tyrosine phosphorylation. Phosphorylation
of a large subset of tyrosine sites was inhibited in H1975 cells
upon treatment with afatinib, but not with erlotinib (Fig. 1A).

We employed quantitative mass spectrometry to identify
and quantify tyrosine phosphorylation of mutant EGFR targets
upon EGFR TKI treatment. Cells were cultured in medium
containing light, medium, and heavy labeled amino acids to
perform a “three state” SILAC experiment. Medium and heavy
labeled cells were treated with erlotinib or afatinib, respec-
tively for the experiments performed in complete growth me-
dium (FBS experiments). In another set of experiments cells
were serum starved overnight and then stimulated with EGF
for 3 mins (medium state) and inhibited with erlotinib or afa-
tinib for one hour before EGF stimulation (heavy state) (Fig.
1B). Tyrosine phosphorylated peptides were immune-en-
riched using a phosphotyrosine antibody (pY-100 or pY1000)
prior to analysis by high-resolution liquid chromatography-
tandem mass spectrometry (nLC-MS/MS). We analyzed 45
independent LC-MS/MS runs, and identified 949 distinct
phosphotyrosine sites with a final FDR of less than 1%, which
corresponded to 520 unique proteins (supplemental Table
S1). SILAC ratios (M/L, H/L and H/M) of all identified targets
followed a normal distribution (supplemental Fig. S1). Based
on a 2-fold cut off (~1.6 S.D. and -0.7 S.D. of the mean in FBS
experiments), 450 tyrosine phosphorylation sites in 279 pro-
teins were hypo-phosphorylated upon erlotinib or afatinib
treatment in either FBS or serum starved experiments. SILAC
labeling with heavy amino acids may affect the growth char-
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phosphosites identified in cells grown in complete medium (FBS experiments); bottom panel from the serum starved experiments. Above each
bar are the actual number of phosphosites. D, Venn diagrams depicting the number of peptides dephosphorylated upon erlotinib or afatinib
treatment in three lung cancer cell lines. E, GO analysis of identified phosphoproteins.
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acteristics of cells, however, we have determined that this is
not the case in the lung adenocarcinoma cells used in this
study because these are highly proliferating cancer cell lines.
We performed three additional biological replicates using
H1975 cells grown in complete medium with label swapping
between experimental conditions. There was good correlation
in the afatinib inhibition SILAC ratios after label swapping. The
correlation was less for the erlotinib inhibition SILAC ratio
because H1975 cells are resistant to erlotinib and tyrosine
phosphorylation at most sites remained unchanged (supple-
mental Fig. S2A, S2B). We also obtained good correlation
between biological replicates (supplemental Fig. S2C-S2F).

The proportion of phosphotyrosine sites with reduced
phosphorylation upon erlotinib inhibition was greater in the
sensitive cells (H3255 and PC9), intermediate in the less sen-
sitive 11-18 cells and least in resistant H1975 cells (Fig. 1C).
Interestingly, afatinib, an irreversible second generation EGFR
TKI had a greater effect on inhibiting phosphorylation in the
erlotinib resistant H1975 cells, suggesting that this TKI more
potently inhibits T790M mutant EGFR signaling (Fig. 1C).

Only a few hypo-phosphorylated tyrosine sites were com-
mon between both the serum starved and FBS experiments
and upon erlotinib and afatinib inhibition (Fig. 1D). The 15 sites
with reduced tyrosine phosphorylation in all experimental
conditions in H3255 cells include ERRFI1-Y394, GAB1-Y689,
EGFR-Y1110, EGFR-Y1197, MAPK1-Y187, ANXA2-Y48, DLG3-
Y673, PKP3-Y84, STEAP1-Y27, ARHGAP5-Y1109, NAALADL2-
Y106. The 8 tyrosine sites that were inhibited in 11-18 cells in
all experimental conditions were ERRFI1-Y394, GAB1-Y406,
CBL-Y406, CBL-Y674, EGFR-Y1172, EGFR-Y1110, SHC1-
Y427, and TNK2-Y938. Only one phosphosite, HIPK3-Y359
showed reduced phosphorylation in all experimental condi-
tions in the erlotinib resistant H1975 cells, suggesting that in
this cell line, this is either an “off-target” or a feedback sig-
naling effect of EGFR TKls (Fig. 1D, Table I).

Next, we investigated the molecular functions of the iden-
tified phosphoproteins based on gene ontology (GO) annota-
tions. Different classes of protein function were represented
(Fig. 1E), including cytoskeletal, adaptor/scaffold, adhesion,
and receptor and cell surface proteins. Proteins involved in
transcription, translation, RNA processing and vesicle trans-
port were also identified. Eighty-two of the phosphoproteins
(16.7%) identified were kinases, including 35 serine/threonine
kinases (6.7%), 21 receptor tyrosine kinase (3.7%) and 23
nonreceptor tyrosine kinase (4.5%).

Candidate Phosphotyrosine Sites Inhibited by Erlotinib or
Afatinib Treatment—We identified phosphosites with a 2-fold
change in phosphorylation upon treatment with either erlotinib
or afatinib in the various lung adenocarcinoma cell lines (Fig.
2). Phosphorylation at 36 of the phosphosites identified was
inhibited by both erlotinib and afatinib in H3255 cells in FBS
experiments (Fig. 2A). Majority of them were also dephospho-
rylated in H3255 cells in serum starved condition by prior
treatment with either of the TKls (Fig. 2B). Thus, the TKI-

sensitive H3255 cell line, which harbors an L858R mutation
responds in a similar manner in the FBS and serum-starved
conditions. The lung adenocarcinoma cell line, 11-18, also
harbors an L858R mutation, but unlike H3255 cells, the mu-
tated EGFR is not amplified and the protein is not overex-
pressed. This probably accounts for lower sensitivity of 11-18
cells to EGFR TKis. Accordingly, fewer sites were hypophos-
phorylated upon either TKI treatment (Fig. 2C). H1975 cells
harboring the T790M mutation in addition to the L858R mu-
tation is resistant to erlotinib, but is relatively sensitive to the
irreversible inhibitor, afatinib. Increased potency of afatinib in
inhibiting mutant EGFR signaling in the TKI resistant cells is
supported by phosphosites that are inhibited specifically by
afatinib in 11-18 or H1975 cells. These include EGFR-Y1110,
-Y1172, -Y1197, INSR-Y1185, EPHA2-Y588, GAB1-Y657,
ERRFI1-Y394, and MAPK1-Y187. Interestingly, in complete
growth medium, a large number of phosphosites were inhib-
ited by both erlotinib and afatinib in the erlotinib resistant
H1975 cells (Fig. 2D and Table I). This suggests “off-target”
effects of erlotinib on potential kinases that are inhibited re-
gardless of the presence of EGFR T790M mutation.

Cluster Analyses of SILAC Ratios of Phosphorylation of
Kinases and Adaptor Proteins Upon TKI Treatment— Dynamic
changes in tyrosine phosphorylation of kinases and adaptor
proteins regulate kinase activity and/or protein interactions,
and ultimately regulate signaling pathways. We further evalu-
ated the phosphosites on kinases and adaptor proteins iden-
tified in all cell lines from either the FBS or serum starved
experiments. Hierarchical clustering of the SILAC ratios of TKI
inhibition across these phosphosites showed clustering con-
sistent with TKI sensitivity of the cell lines (Fig. 3A-3D). Dif-
ferent phosphosites of the same or related kinases or adap-
tor proteins, such as EGFR, related MAPKs, EPH receptors,
CDKs, BCAR1, SHB, NEDD?9 also clustered together. Three
EGFR autophosphorylation sites (Y1110, Y1172, and Y1197)
were hypo-phosphorylated upon treatment with both TKils in
H3255 and 11-18 cells. However, in H1975 cells these sites
were hypo-phosphorylated upon afatinib, but not erlotinib
inhibition. Interestingly, for both the erlotinib resistant H1975
cells and the 11-18 cells with intermediate sensitivity to erlo-
tinib, phosphorylation of EGFR-Y1197 and MAPK7-Y221 was
not inhibited upon erlotinib treatment, correlating with the
extent of erlotinib sensitivity of these cells. This suggests
EGFR-Y1197 and MAPK7-Y221 may be specific biomarkers
of EGFR TKI sensitivity (Fig. 3A). The EGF stimulation SILAC
ratios in serum starved experiments cluster together and ex-
hibit increased tyrosine phosphorylation on kinases and
adaptors (Fig 3B, 3D). This suggests that although EGFR
mutants are constitutively active, they are further activated
upon EGF stimulation. However, the Erlotinib + EGF/EGF
SILAC ratio from H1975 cells clusters with this group be-
cause H1975 cells are resistant to erlotinib and most tyro-
sine phosphorylated sites are unchanged upon erlotinib
treatment.
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TABLE |
Phosphosites with decreased phosphorylation upon treatment with either of the TKis

FBS Serum starved
Phosphosites H3255 H3255 H1975 H1975 11-18 11-18 H3255 PC9 11-18 H1975 H3255

Erlot Afat Erlot Afat Erlot Afat Erlot Erlot Erlot Erlot Afat
ANXA1-Y39 0.41 0.18 0.82 0.83 0.42 1.09
ANXA2-Y48 0.14 0.08 1.22 0.71 1.01 0.93 0.07 0.87 1.02 0.07
AP1B1-Y6 0.75 0.11 0.27 1.02
ARHGAP5-Y1091 0.59 0.13 0.76 0.44 1.02 0.67
ARHGAP5-Y1097 0.91 0.24 0.28 2.19 0.25
CBL-Y674 0.47 0.29 0.45 0.48 0.07 0.07 1.12
CLDN3-Y219 0.44 0.15 0.93 0.93 0.38 0.49
CTNND1-Y174 0.19 0.19 0.34 0.30 0.49 0.67 25 0.98
CTNND1-Y248 0.53 0.26 0.60 0.79 0.09 0.67 1.75 0.12
CRK-Y136 0.05 0.07 1.13
DAPP1-Y139 0.26 0.27 2.26
DLG3-Y705 0.11 0.04 0.51 0.17 0.94 0.6 0.05 0.11 0.24 1.92 0.06
DSG2-Y1013 0.38 0.34 0.44 0.64 0.21 0.77 2.61
EGFR-Y998 0.17 0.22 0.44 0.17 0.47 0.13 0.09 0.92 0.57
EGFR-Y1110 0.10 0.04 0.58 0.09 0.29 0.11 0.32 0.12 0.30 1.1 0.43
EGFR-Y1172 0.25 0.07 0.81 0.15 0.24 0.16 0.55 0.15 0.18 0.92 0.59
EGFR-Y1197 0.18 0.03 0.82 0.16 0.57 0.30 0.09 0.12 0.20 1.05 0.06
ERBB3-Y1328 0.62 0.27 0.70 0.52 0.16 0.62 2.35 0.23
ERRFI1-Y394 0.26 0.05 0.72 0.10 0.07 0.09 0.27 0.18 0.35 1.36 0.27
FER-Y402 0.42 0.46 0.86 1.69
GAB1-Y406 0.48 0.30 0.22 0.22 0.30 0.40 0.33 117 0.33
GAB1-Y657 1.09 0.22 0.15 0.38 0.83 0.07
GAB1-Y689 0.11 0.09 0.40 0.24 0.18 0.19 0.03 0.31 0.36 0.97 0.06
HIPK3-Y359 0.94 0.97 0.11 0.11 0.93 0.96 1.06 0.20
ITGB1-Y783 0.46 0.31 0.53 0.36 0.73 0.82 0.61 0.79 0.99 1.93 0.97
ITGB1-Y795 0.70 0.59 0.14 0.24
LYN-Y508 0.45 0.24 0.52 0.57 1.32 1.24 0.93
MAPK1-Y187 0.03 0.03 0.57 0.16 0.04 0.03 0.46 1.04 0.96 0.94 0.45
MAPK3-Y204 0.07 0.05 0.35 0.10 0.07 0.06 0.50 0.88 0.87 0.98 0.53
MAPK7-Y221 0.13 0.10 0.66 0.40 0.64 0.53 0.78 0.55 0.45
MET-Y1253 0.38 0.29 0.79 0.98 0.16 0.37 2.43 0.17
MST1R-Y1238 0.46 0.51 0.23 0.18 0.55 0.72 0.17 1.37 2.45 0.15
PKP3-Y176 0.73 0.94 0.43 0.37 0.92 0.77 0.26 0.20 0.92 2.71 0.24
PTK2-Y49 0.83 0.61 0.64 0.66 0.24 0.65
PTK2-Y905 0.78 0.87 0.34 0.45 1.00
SHC1-Y427 0.14 0.04 0.83 0.22 0.22 0.19 0.30
SLITRK6-Y820 0.76 0.43 0.17 0.24 1.78 0.10
SPRY4-Y52 0.28 0.43 0.62 0.19 0.16 0.31 0.16 0.15
STAT5A-Y694 0.03 0.03 0.52 0.28 0.77 0.02
STEAP1-Y27 0.28 0.13 0.64 0.45 1.30 0.80 0.11 0.26 0.22
STX4-Y251 0.26 0.09 0.49 0.19 0.19 0.15
TAGLN2-Y192 0.57 0.23 1.01 1.02 0.58 0.82 0.46 1.78
TBCB-Y98 0.47 0.27 0.28 0.95
TJP2-Y1149 0.33 0.23 0.57 0.61 0.51 0.72 0.36 0.44 0.42 1.43 0.45
TLN1-Y127 0.30 0.22 0.78 0.89 0.92 0.70 0.81 1.03
TNS3-Y780 0.21 0.20 0.85 0.83 0.75 0.78 0.25 0.49 0.35 1.12 0.21
TYK2-Y292 0.53 0.69 0.89 0.88 0.79 0.91 0.55 0.61 0.86 1.07 0.66
UBASH3B-Y19 0.80 0.24 0.09 0.04 0.51

The clustering analysis of adaptor proteins showed four
adaptor phosphosites clustering together with the greatest
inhibition of phosphorylation by TKIs in sensitive cells.
These include GAB1-Y689, Y406, SHC1-Y427, DLG3-Y705,
and ERRFI1-Y394. Thus, in addition to the kinase phospho-
sites, EGFR-Y1197 and MAPK7-Y221, these adaptor pro-
tein phosphosites are potential biomarkers of EGFR TKI
sensitivity.

Functional and Pathway Analyses of EGFR TKI Regulated
Phosphosites—We performed DAVID analysis to identify en-
riched functional categories and KEGG pathways among the
proteins that were dephosphorylated upon either erlotinib or
afatinib treatment in the panel of lung adenocarcinoma cells

(supplemental Fig. S3). The enrichment scores are based on p
value of enrichment. Receptor tyrosine kinase, cytoskeletal
protein, molecular adaptor, GTPase regulator, and enzyme
binding categories were enriched among proteins dephos-
phorylated by both TKI inhibitions in sensitive and resistant
cells. The significance value of enrichment of the functional
categories was less in resistant cells upon erlotinib treatment.
The nonreceptor tyrosine protein kinase category was not
enriched in resistant cell lines upon either TKI treatment (sup-
plemental Fig. S3A), suggesting these proteins are indeed
targets of mutant EGFRs. It is interesting to note that the
serine/threonine protein kinase category was enriched but
with lower significance in the sensitive compared with the
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Fic. 2. Scatter plot comparison of ratios of phosphorylation at phosphotyrosme sites quantified from erlotinib and afatinib treated
cells. Phosphosites with significant regulation upon kinase inhibitor treatment are highlighted by color-coded dots as indicated (A, C, and D).
Comparison of SILAC ratios of phosphorylation in H3255, 11-18 and H1975 cells grown in complete medium with/without erlotinib or afatinib
treatment. B, Comparison of SILAC ratios of phosphorylation in H3255 cells serum starved overnight followed by EGF stimulation with/without

prior erlotinib or afatinib treatment.

resistant cell lines, suggesting some off-target effects of these
TKls in inhibiting phosphorylation of these kinases. We also
identified the KEGG pathways significantly enriched among
the proteins with reduced phosphorylation upon TKI inhibition
(supplemental Fig. S3B). The ERBB signaling pathway was
the most significantly enriched pathway. Again, the signifi-
cance of enrichment of all the pathways in the resistant cell
line (H1975) upon erlotinib treatment was lower than for the
other groups. Several pathways, including Fc gamma R-me-
diated phagocytosis, JAK-STAT signaling pathway, regulation
of actin cytoskeleton, insulin signaling pathway, tight junction,
and non small cell lung cancer were not enriched in the
resistant cell line treated with erlotinib. The greater enrichment
of these diverse pathways in TKI-sensitive cells may suggest
cross-talk with EGFR signaling. In summary, these bioinfor-
matics analyses uncover functional categories of proteins

and pathways that represent the potential biomarkers of TKI
responsiveness.

Effect of EGFR Inhibitors on EGFR Downstream Signaling—
Because both erlotinib and afatinib are EGFR TKils, we
matched the proteins with reduced phosphorylation against
the known, experimentally-validated EGFR signaling pathway
members in the STRING database. As expected, EGFR sig-
naling pathway proteins were indeed enriched in all our ex-
periments in complete medium (supplemental Table S2). The
enrichment scores, as represented by the p values, were
lower among substrates hypo-phosphorylated with afatinib
treatment only and even lower among substrates hypo-phos-
phorylated with erlotinib only compared with the substrates
dephosphorylated by both TKis in the sensitive cell line,
H3255. The enrichment scores for EGFR signaling proteins
were far lower in H1975 and 11-18, the relatively erlotinib-
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Fic. 3. Hierarchical clustering of phosphotyrosine sites based on the SILAC ratios of phosphorylation. Columns represent different cell
lines treated as indicated. Rows represent quantified phosphotyrosine sites identified in all experimental conditions. A, C, Phosphotyrosine
sites in kinases (A) and adaptor proteins (C) in three lung cancer cell lines in complete medium and treated with erlotinib or afatinib. B, D,
Phosphotyrosine sites in kinases (B) and adaptor proteins (D) in four lung cancer cell lines treated with erlotinib or afatinib in serum starved
condition before EGF stimulation. Erlot or Afat + EGF/EGF represents the SILAC ratio of phosphorylation upon TKI inhibition. EGF/SS_Erlot
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resistant cell lines (Fig. 4A). A similar analysis was done for the
serum starved experiments both for substrates whose phos-
phorylation increased upon EGF stimulation and reduced
upon TKI inhibition and substrates whose phosphorylation
remained unchanged with EGF stimulation and reduced upon
TKI inhibition. For these experiments, hypo-phosphorylation
of EGFR substrates showed significance in H3255, PC9, and
11-18, but not in H1975 cells (Fig. 4B). We next identified
EGFR substrates whose phosphorylation was reduced by
erlotinib, afatinib, or both in the FBS experiments (Fig. 4C-
4E), or the serum starved experiments (supplemental Fig.
S4A-S4D). Specific gene ontology (GO) categories were sig-
nificantly enriched among these EGFR interacting proteins.
These include cell-cell junction organization, immune re-
sponse-regulating cell surface signaling pathway involved in
phagocytosis, IL6-mediated signaling pathway, regulation of
ERBB signaling pathway and cellular component disassembly
involved in apoptosis (Fig. 4C-4E). Interestingly, enrichment
of ERBB signaling pathway and regulation of ERBB signaling
pathway components were more apparent in the TKI inhibiting
substrates in the serum starved experiments, suggesting
more specific inhibition of these pathways among EGFR sub-
strates inhibited in serum starved condition (supplemental Fig.
S4A-S4D).

Validation of Select Phosphosites by Expression Analy-
ses—We validated changes in phosphorylation on several of
the key phosphosites using Western blots and protein mi-
croarrays. Phosphorylation of EGFR-Y1197, MAPK7-Y204,
MET-Y1234/1235, EPHA2-Y594, ERBB3-Y1328, and PKCS&-
Y1311 were analyzed on Western blots (Fig. 5A). Consistent
with the MS data, all of these sites had decreased phospho-
rylation in H3255 cells upon erlotinib or afatinib treatment,
whereas they remained unchanged in H1975 cells treated
with erlotinib. In 11-18 cells, EGFR-Y1197, MAPK7-Y221,
MAPK3-Y204 and ErbB3-Y1328 were dephosphorylated
upon treatment with either inhibitor, whereas MET-Y1234/
1235, EPHA2-Y594 and PKC&8-Y311 were unchanged.

The human phospho-Receptor Tyrosine Kinase (RTK) array
and the phospho-Mitogen-activated Protein Kinase (MAPK)
antibody array were used to assay for phosphorylated RTKs
and MAPKs. Serum starved H3255 and H1975 cells stimu-
lated with EGF alone or pre-treated with erlotinib or afatinib
for 2 or 12 h were analyzed (Fig. 5B). There was constitutive
and EGF-induced stimulation of phosphorylation for most of
the kinases. The kinases tested were dephosphorylated upon
erlotinib treatment of H3255 cells and afatinib treatment of
H1975 cells. However, the phosphorylation of MAPK3-Y204,
EGFR, and ERBB2 was restored in H1975 cells after 12 h of
afatinib treatment, suggesting feedback regulation at these
sites upon long term treatment with afatinib.

MS and MS/MS spectra of EGFR-Y1197 and MAPK7-Y221
phosphopeptides showed that phosphorylation of both sites
decreased upon erlotinib or afatinib treatment of H3255 and
11-18 cells, whereas in H1975 cells phosphorylation at both

sites was inhibited upon afatinib but not erlotinib treatment
(Fig. 5C, 5D).

Label Free Quantitative Mass Spectrometry to Validate Spe-
cific Targets in EGFR Mutant GEM Model In Vivo—We used
conditional EGFR-8%% transgenic mice that develop lung ad-
enocarcinoma upon doxycycline induction of mutant EGFR in
lung type Il epithelial cells (31) to treat MRI confirmed lung
tumors with erlotinib. We compared tyrosine phosphosites in
untreated lung tumors and tumors receiving short-term (1 day)
or long-term (24-47 days) erlotinib treatment. We quantified
the degree of tyrosine phosphorylation of these sites by label
free quantitation algorithm of Maxquant and focused on the
phosphosites identified in both the mouse tumors and human
lung adenocarcinoma cell lines. Hierarchical clustering using
the log intensities of the phosphopeptides common to both
systems demonstrated that the untreated mouse tumors clus-
tered together as did the tumors upon short and long-term
erlotinib treatment (Fig. 6A, supplemental Fig. S5). Although
there was variability in the intensities of the phosphorylated
peptides, likely because of variability of the mouse stromal
component, there was a pattern of reduced phosphorylation
upon in vivo erlotinib treatment for 1 day and this was more
pronounced upon longer treatment (Fig. 6B). Potential bio-
markers of EGFR TKI response from the human lung adeno-
carcinoma cell lines validated with the mouse data generated
in vivo. These include EGFR-Y1197, Dapp1-Y139, DIg3-Y705,
Ptpn11-Y62, and Stat5A-Y694 (Fig. 6B).

Regulation of Potential Phosphatase Targets—We identified
several substrates whose phosphorylation decreased upon
EGF stimulation and increased with TKI inhibition. These par-
adoxical dynamic changes in phosphorylation can be ex-
plained by EGFR activating a phosphatase or by feedback
signaling activated upon TKI inhibition of mutant EGFR. We
examined phosphatases and their substrates in our MS da-
tasets. We used experimentally validated phosphatase-sub-
strate and EGFR-substrate databases from STRING and
DEPOD to infer potentially upstream phosphatases of this
group of identified phosphosites which are also EGFR sub-
strates. In H3255 cells, phosphorylation of BCAR1-Y174 and
NEDD9-Y166, two unique substrates of PTEN, PTPN12,
PTPN11, PTPRD, and INPPL1 phosphatases, decreased
upon EGF stimulation and increased with TKI inhibition (sup-
plemental Fig. S6A). EGFR activation upon EGF stimulation
may have resulted in the activation of one or more of the five
downstream phosphatases resulting in reduced phospho-
rylation of their substrates, BCAR1-Y174 and NEDD9-Y166.
The same sites were hyper-phosphorylated upon erlotinib
treatment resulting in EGFR inhibition and deactivation of
the phosphatases.

In H1975, four phospho sites, PKP4-Y415, SDCBP-Y67,
G6PD-Y552, and PPP1R18-Y230, were hypophosphorylated
upon EGF stimulation and remained unchanged upon erlotinib
inhibition. The upstream phosphatases of these four proteins
are PTPRJ and PGAMA4. In vitro phosphatase assay showed
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Fic. 4. Enrichment of EGFR pathway substrates among proteins with phosphorylation modulated by erlotinib or afatinib treatment. A,
Enrichment upon erlotinib or afatinib treatment of H3255, 11-18, and H1975 cells in the presence of complete medium. Colors of the bars represent
specific SILAC ratio changes as indicated. B, Enrichment upon EGF stimulation and erlotinib or afatinib treatment of H3255, PC9, 11-18, and H1975
cells following serum starvation. Colors of the bars represent specific SILAC ratio changes as indicated. C—E, Networks of EGFR substrates whose
phosphorylation was inhibited by erlotinib, afatinib or both in H3255 (C), 11-18 (D), and H1975 (E) cells grown in complete medium. Phosphorylation
of proteins highlighted with blue was inhibited by both erlotinib and afatinib; with green by erlotinib only; and with red by afatinib only.
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Fic. 6. Phosphotyrosine sites validated in untreated or erlotinib-treated transgenic mice with doxycycline-inducible EGFR“®5%® Jung
tumors. A, Hierarchical clustering of phosphotyrosine sites identified in the mice based on label-free quantitation. Columns represent different
mice of the same genotype (EGFR"5%%F) untreated or treated with erlotinib; rows represent quantified phosphotyrosine sites. Expression is
based on the log2 intensity of the phosphopeptide. Only the sites identified in any of the human lung adenocarcinoma cell lines and mice are
shown. B, Box plots of intensities of selected regulated phosphopeptides showing the label-free quantitation of tumor bearing mice, untreated,
treated with erlotinib for 1 day, and mice receiving long term erlotinib treatment (24-47 days).

dephosphorylation of PKP4 by PTPRJ (43). PTPRJ negatively
regulates EGFR signaling pathway through EGFR dephos-
phorylation. This further suggests EGFR activates these phos-
phatases, but because EGFR-88R/T790M in 41975 cells is not
inhibited by erlotinib, there is no change in phosphorylation of
the substrates of these phosphatases upon erlotinib treat-
ment (supplemental Fig. S6B).

On the other hand, Cysteine-rich protein 2 (CRIP2-Y151),
a unique PTPN13 substrate, had reduced phosphorylation
upon EGF stimulation and increased phosphorylation with

erlotinib treatment of H1975 cells (supplemental Fig. S6C).
PTPN13 is a novel candidate tumor suppressor in NSCLC.
Loss of PTPN13 increases EGFR and ERBB2 signaling. SRC
kinase signaling inhibitor 1 (SRCIN1-Y298), a substrate of
phosphatase PTPN1 and kinase CSK, and transmembrane
channel-like protein 5 (TMC5-Y110), substrate of phospha-
tase PPM1H as well as kinase ROR1, were hypophosphory-
lated upon EGF stimulation and hyperphosphorylated with
erlotinib inhibition in H1975 cells. This data suggests that in
H1975 cells either of the phosphatases PTPN1 and PPM1H
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Fic. 7. Functional characterization of lung adenocarcinoma cells upon siRNA-mediated knockdown of select target proteins with
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experiments. * p value less than 0.05 from the student t test. B, Western blots showing reduced expression of selected targets upon

siRNA-mediated knockdown in H1975 and H2030.

are activated upon EGF stimulation. PTPN1 dephosphory-
lates and inactivates EGFR (44). ROR1 has been implicated
as a novel therapeutic target for EGFR-mutant nonsmall-cell
lung cancer patients with the EGFR T790M mutation (45).
Functional Validation of Selected Mutant EGFR Targets
That Are Potential EGFR TKI Biomarkers—We predicted that
dynamic changes in phosphorylation of key mutant EGFR
signaling pathway proteins would have functional conse-
quences. We selected a group of 16 proteins that were dif-
ferentially phosphorylated upon EGF stimulation or TKI inhi-
bition in a manner consistent with the sensitivity pattern of the
cell lines. We assayed cell viability upon siRNA-mediated
knockdown of these proteins on a panel of six lung adeno-
carcinoma cell lines with documented EGFR or KRAS muta-
tions. These included H3255 (EGFR"®°%F), 11-18 (EGFR-8%8F),
H1975 (EGFR-8°8R/T790M) " pCg (EGFRPe746-750)  A549
(KRAS®'2%) and H2030 (KRAS®12€), Because the proteins we
selected are mutant EGFR targets, we predicted reduced cell
viability by knockdown of these proteins in EGFR mutant
cells, but not the KRAS mutant cells. We identified eight
genes that affected cell viability (Fig. 7A). Knockdown of
MAPK?7, ERBB3, EPHA5, EPHB3, MET or MST1R reduced
cell viability of one or more EGFR mutant cell lines. Interest-
ingly, knockdown of all these targets significantly decreased
viability in H1975 cells but had no effect on 11-18 cells. We

documented reduced protein expression of EGFR, MAPK7
and MET in H1975 and H2030 cells (Fig. 7B).

In this study, we report that DAPP1-Y139 is a novel mutant
EGFR target that is also a potent EGFR TKI response bio-
marker. DAPP1 is an adapter protein involved in B cell recep-
tor signaling (46, 47). Quantitative MS shows that DAPP1-
Y139 phosphorylation increases upon EGF stimulation and is
reduced upon TKI treatment in lung adenocarcinoma cells
(Fig. 8A, 8B). To further validate Y139 phosphorylation and its
functional significance we expressed wild type or Y139F mu-
tant DAPP1 along with wild type or mutant EGFRs in HEK 293
cells (Fig. 8C). We generated a DAPP1 Y139 phospho-specific
antibody that recognizes phosphorylation specifically at this
site (Fig. 8C). Co-immunoprecipitation experiments show that
wild type and mutant EGFRs interact with DAPP1 (Fig. 8D)
and the major site of DAPP1 tyrosine phosphorylation is Y139
because tyrosine phosphorylation is abrogated in the Y139F
mutant (Fig. 8E). Interestingly, coexpression of wild type
DAPP1 inhibited autophosphorylation of both wild type and
mutant EGFRs and Y139F mutation of DAPP1 partially res-
cued this effect (Fig. 8C, 8D). siRNA-mediated knockdown of
DAPP1 (Fig. 8F) reduced viability of PC9 human lung adeno-
carcinoma cells that harbor EGFRP®' mutant, suggesting the
requirement of DAPP1 adapter protein in the survival of these
mutant EGFR-addicted cells (Fig. 8G).

904

Molecular & Cellular Proteomics 16.5

020z ‘9T |1dYy uo 1s8nb Aq Bio"auluodow mmamy/:sdny wouy papeojumoq


https://www.mcponline.org

Biomarkers of EGFR Tyrosine Kinase Inhibitor Response

H3255 (L858R) H1975 (L858R/T790M) PC9 (Del EGFR)
A SS_EGF_erlotinib SS_EGF_erlotinib SS_EGF_erlotinib
763.38
- 76338 100 511.92 10¢;
—_— M= MiL=516 |H/M=027
P bt e ol M/L=162 H/M=2.2 =
5D0a 402 4 3330a § 26708 ks .
8 8 3 l763.88
e = =
= 3 z
b= c 51225 £
3
S50 o 50 ' 250
@ @ 509.26 @
2 2 2
s = =
o E L E 758.36
o= 64,3 505[ 509.59
91 .93 764.38
4 T67.37
0l il | L
& N [N Ll o il bl 1 ‘ | | | I
758 760 762 764 Te6 768 505 506 507 508 509 510 511 512 513 U758 760 762 764 766 768 770
miz miz miz

¥a
B 1026.36
304

DAPP1.Y139: KVEEPSIYESVR

Relative Abundance

5!0 300 400 500 600 700 00 900 1000 1100 1200 1300 1400 1500

020z ‘9T |1dVy uo 1s8nb Aq B0 auluodow mmmy/:sdny wouy papeojumoq

2 - ] pDAPP1 (Y139)
2 : o= - w==| DAPP1
E [ = o = = == == == == == == = DAkt (T308)
o E---!-!---g Akt =
5 S perk (1202v204) | _SRNA/PO9 Cells
Eese== i ] Erk vg@“pg@” &
—T S - o oF &
Higher
: Exposure
600
=i
500
? s =& SiDealh
g 300 ==[APP1-8
o
3 200
100
il
Day1 Day 2 Day 3 Day 4
Time

Molecular & Cellular Proteomics 16.5 905


https://www.mcponline.org

Biomarkers of EGFR Tyrosine Kinase Inhibitor Response

DISCUSSION

We employed global, unbiased SILAC-based quantitative
mass spectrometry to identify and quantify tyrosine phospho-
rylated sites modulated by TKI treatment of mutant EGFR-
driven lung adenocarcinoma. We examined the signaling pro-
teins affected by treatment of lung adenocarcinoma cells with
the FDA approved first-generation reversible EGFR TKI, erlo-
tinib and second-generation irreversible EGFR TKI, afatinib.
To our knowledge, this is the first study comparing the tyro-
sine phosphorylation dynamics between erlotinib or afatinib
treatment of mutant EGFR-driven lung adenocarcinoma cells.
The degree of inhibition correlated with the sensitivity of each
cell line to either erlotinib or afatinib. Afatinib more potently
inhibited phosphorylation in both the erlotinib resistant cell
line H1975 and the moderately resistant cell line, 11-18.
These experiments identified novel mutant EGFR targets of
phosphorylation and potential biomarkers of TKI response.
These include EGFR-Y1197, MAPK7-Y221, DLG3-Y705, and
DAPP1-Y139. We also identified these targets in vivo in a
mouse model of mutant EGFR-induced lung tumorigenesis.
Likewise, phosphorylation of these targets was inhibited by
erlotinib treatment of EGFR TKI-sensitive mouse tumors. Fi-
nally, knockdown of key mutant EGFR targets decreased cell
viability demonstrating the dependence on these targets for
the survival of mutant EGFR cells.

H3255 cell line harboring the EGFR-8%8F mutant is the most
EGFR TKI sensitive cell line we used in our study, whereas
11-18 cells expressing the same EGFR“®°8F mutant have
intermediate sensitivity. Phosphorylation of many tyrosine
sites did not change upon treatment of 11-18 cells with either
of the inhibitors, suggesting intrinsic resistance of these cells
to EGFR TKls (Table I). It is also possible that phosphorylation
at these sites in 11-18 is not dictated by EGFR alone but
depends on cellular context. Hence these phosphosites may
be indirect targets of mutant EGFR. 11-18 cells undergo cell
cycle arrest, but not cell death upon erlotinib treatment. This
has been attributed to the inability of these cells to upregulate
the cell death inducer, BIM upon erlotinib treatment (48). We
identified specific kinase phosphosites that were resistant to
either erlotinib or afatinib in both 11-18 and H1975 cells.
These include EGFR-Y1197, MAPK7-Y221, and ERBB3-
Y1328. Phosphorylation at these sites was unaffected by

erlotinib in both cell lines. Afatinib treatment also resulted in
minimal inhibition of these sites (Fig. 5C, 5D). MAPK7 (ERKS5)
is the effector kinase of a canonical kinase module containing:
MEKK 2/3 (MEK kinase), MEK5 (MAPK/ERK kinase), and
MAPK? itself. Clinical evidence suggests a role for dysregu-
lated MEK5/ERKS5 signaling as a driver of tumorigenesis in
several cancers (49-53) and dysregulated MAPK7 was shown
to drive NSCLC (54).

Aberrant EGFR signaling plays an important role in cancer
by activating downstream signals essential for growth and
survival. EGFR is a receptor tyrosine kinase known to drive
cell growth and survival of multiple epithelial forms of cancers
including NSCLC (55, 56). Various EGFR phosphorylation
sites are functionally relevant. Studies using EGFR TKiIs have
identified sites which mediate drug effects (57-61). In this
study, we identified six EGFR tyrosine sites, Y869, Y998,
Y1092, Y1110, Y1172, and Y1197, which were dephospho-
rylated upon either erlotinib or afatinib treatment of sensitive
cells (H3255, PC9) and remained unchanged upon erlotinib
treatment of the TKI resistant cell line, H1975. The irreversible
EGFR inhibitor, afatinib could still inhibit phosphorylation of
these sites on mutant EGFR-858R/T790M _gxpressing H1975
cells, suggesting afatinib can inhibit the erlotinib resistant
mutant EGFR, at least in cultured cells. Similarly, in the serum
starved experiments, phosphorylation at EGFR Y998, Y1172,
Y1110, and Y1197 increased upon EGF stimulation and de-
creased with erlotinib or afatinib treatment of H3255, PC9
and 11-18 cells, but not in H1975 cells. Interestingly, several
phosphorylation sites on nonreceptor tyrosine kinases, such
as TYK2-Y292, PTK2-Y49 and -Y905, LYN-Y508, and FER-
Y402 were not inhibited by afatinib in H1975 cells. The inabil-
ity to inhibit these signaling proteins along with incomplete
inhibition of T790M mutant EGFR may account for the lack of
in vivo response to afatinib in EGFR T790M harboring tumors
in mouse models (62) or patients (63).

Our approach of employing both serum starved and cells
grown in FBS containing medium in these EGFR TKI inhibition
experiments sheds unique insight into the effects exerted by
these TKis in presence of ligands. Interestingly, ~20% of
phosphotyrosine sites underwent reduced phosphorylation
upon erlotinib treatment of resistant H1975 cells in FBS ex-
periments. In contrast, only 2% of sites were hypophospho-

Fic. 8. Validation of DAPP1 Y139 phosphorylation as the major site of tyrosine phosphorylation modulated by mutant EGFR
signaling. A-B, MS and MS/MS spectra of DAPP1 peptide with Y139 phosphorylation. Phosphorylation increased upon EGF stimulation (M/L
ratio) and decreased upon erlotinib inhibition of H3255 cells and PC9 cells, but increased in H1975 cells (H/M ratio) (A). C, Imnmunoblot analysis
of protein lysates from HEK 293 cells expressing wild type or mutant EGFR and DAPP1 or Y139F DAPP1 mutant. Lysates prepared in modified
RIPA buffer were probed with pY1068-EGFR, EGFR, pY139-DAPP1, DAPP1, pAkt, Akt, pErk, Erk, and Rho-GDI (control) specific antibodies.
D, Immunoprecipitation of wild type and mutant EGFRs with EGFR specific monoclonal antibodies followed by immunoblotting with anti-EGFR,
pEGFR (4G10), and anti-DAPP1 antibodies. E, Immunoprecipitation of wild type and Y139F mutant DAPP1 from HEK 293 cells expressing
DAPP1 and mutant DAPP1 followed by immunoblotting with anti-DAPP1 and anti-pTyr (4G10) antibodies indicated that Y139 is the major site
of DAPP1 phosphorylation. F, PC9 cells (expressing EGFRP® 746-7%0) were transfected with DAPP1 siRNAs, or NT siRNA (negative control) and
siDeath (positive control) for 72 h followed by immunoblot analysis of cell extracts with anti-DAPP1 antibodies. G, Growth curve of PC9 cells
following transfection of PC9 cells with DAPP-1 siRNA, NT-siRNA, or siDeath, showing DAPP1 knock-down significantly reduces PC9 cell
growth.
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rylated in the serum-starved state, underscoring the impor-
tance of growth medium in such experiments. Two MAP
kinases, MAPK1-Y187 and MAPK3-Y204, were dephospho-
rylated upon either erlotinib or afatinib treatment in FBS ex-
periments in all three cell lines (H3255, 11-18, and H1975).
However, the degree of inhibition was lower upon erlotinib, as
compared with afatinib treatment of H1975 and 11-18 cells. In
the serum-starved experiments, these sites were hyper-phos-
phorylated upon EGF stimulation and hypo-phosphorylated
with either erlotinib or afatinib inhibition in H3255. However,
this was not seen upon erlotinib treatment of 11-18, PC9 or
H1975 cells. This is likely because of off-target effects of
these TKls in complete growth medium containing various
ligands which activate potential off-target kinases. Such off-
target effects of erlotinib and afatinib on other specific kinases
have been documented (64-69). In this study, we provide in
vivo evidence of erlotinib or afatinib inhibiting tyrosine phos-
phorylation of off-target kinases or kinase substrates. For
example, MST1R (RON) and MET are two members of the
MET receptor tyrosine kinase family that play a role in cancer
pathogenesis (70). MST1R is a prognostic marker and thera-
peutic target for gastroesophageal adenocarcinoma (71). Ty-
rosine phosphorylation at MST1R-Y1238, -Y1239 was inhib-
ited upon either erlotinib or afatinib treatment of H1975 cells in
FBS-containing medium. However, there was no inhibition of
phosphorylation upon erlotinib treatment of these cells in the
serum starved experiments (supplemental Fig. S7). Similarly,
we observed reduced phosphorylation at MET-Y1252,
-Y1253 in H1975 cells upon treatment with either erlotinib or
afatinib (supplemental Fig. S8). The functional significance of
these off-target effects of EGFR TKls on MST1R and MET
remains to be studied.

We have identified and quantified four tyrosine phospho-
sites in another RTK, EPHA2-Y575, Y588, Y594, and Y772.
EPHAZ2 has been implicated in the regulation of a wide array of
pathological conditions, including cancer (72). A recent study
found that EPHAZ2 is over-expressed in erlotinib-resistant lung
cancer cells. Loss of EPHA2 reduced the viability in vitro of
erlotinib-resistant tumor cells harboring EGFR""9°™ mutations
in vitro and inhibited tumor growth and progression in an
inducible EGFR-8%8R*+T790M_mtant lung cancer model in vivo
(73). In our experiments, the EPHA2 phosphorylation sites
decreased to some extent in all three cell lines (H3255, 11-18
and H1975) upon either erlotinib or afatinib treatment in FBS-
containing growth medium. Phosphorylation of Y588 did not
change upon erlotinib inhibition in 11-18 and H1975 cells, sug-
gesting this phosphosite may be a potential biomarker of re-
sponse to EGFR TKIs. Moreover, knockdown of EPHA2 re-
duced the viability of two EGFR mutant lung adenocarcinoma
cell lines used in our study, PC9 and H1975 (Fig. 7), suggesting
an important role for EPHA2 in mutant EGFR signaling.

We employed siRNA-mediated knockdown of specific sig-
naling proteins identified in this study to investigate their
effect on cell survival. Interestingly, knockdown of all selected

targets, EGFR, ERBB3, MET, MST1R, EPHA2, EPHA5, and
MAPKY7, reduced survival of the TKl-resistant cell line, H1975,
suggesting signaling cross-talk in survival response. This also
suggests that small molecule TKI inhibitors or antibodies tar-
geting these proteins may circumvent EGFR TKI resistance, if
used in combination with EGFR TKIls. However, these knock-
down experiments do not address the functional relevance
of these tyrosine phosphorylation changes. As such, studies
utilizing Y-F mutants of these proteins are needed.

We identified DAPP1-Y139 as a novel target of mutant
EGFR signaling. Tyrosine phosphorylation at this site was
inhibited by either erlotinib or afatinib treatment in TKI sensi-
tive H3255 and PC9 cells, but not in TKI resistant H1975 cells
(Fig. 8). Using DAPP1 Y139F mutant we showed that Y139 is
the major site of DAPP1 tyrosine phosphorylation induced by
both wild type and mutant EGFR signaling. Interestingly,
DAPP1 overexpression decreases EGFR autophosphoryla-
tion, and this is partially rescued by the DAPP1 Y139F mutant
(Fig. 8D). DAPP1 is also an adaptor for B cell receptor (BCR)
signaling (46, 47). Hence, it is possible that mutant EGFRs
cross talk with the BCR signaling through DAPP1 tyrosine phos-
phorylation, and phosphorylated DAPP1 in-turn executes a
negative feedback to inhibit EGFR autophosphorylation. Further
studies are needed to elucidate the mechanism by which mu-
tant EGFR signals through DAPP1 and to explore the potential
of EGFR regulated DAPP1 to crosstalk with BCR signaling.

This study provides in vivo evidence of tyrosine phospho-
rylation changes exerted on direct or indirect targets of mu-
tant EGFR signaling in lung adenocarcinoma. These phospho-
sites are potential novel biomarkers of the EGFR TKI response
in this dreaded disease. Further studies utilizing targeted
mass spectrometry to correlate tyrosine phosphorylation of
these targets with TKI sensitivity in EGFR mutant human
tumors are warranted.
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