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Abstract

Mutations in the Epidermal growth factor receptor (EGFR) kinase domain occur in 10-30% of
lung adenocarcinoma and are associated with tyrosine kinase inhibitor (TKI) sensitivity. We
sought to identify the immediate direct and indirect phosphorylation targets of mutant EGFRS in
lung adenocarcinoma. We undertook stable isotope labeling of amino acids in cell culture (SILAC)
strategy, phosphopeptide enrichment, and quantitative mass spectrometry to identify dynamic
changes of phosphorylation downstream of mutant EGFRs in lung adenocarcinoma cells harboring
EGFRL858R and EGFRL858R/T790M the TK|-sensitive and -resistant mutations, respectively. Top
canonical pathways that were inhibited upon erlotinib treatment in sensitive cells, but not in the
resistant cells include EGFR, Insulin receptor, HGF, MAPK, mTOR, p70S6K and JAK/STAT
signaling. We identified phosphosites in proteins of the autophagy network, such as ULK1 (S623)
that is constitutively phosphorylated in these lung adenocarcinoma cells; phosphorylation is
inhibited upon erlotinib treatment in sensitive cells, but not in resistant cells. Finally, kinase-
substrate prediction analysis from our data indicated that substrates of basophilic kinase families,
AGC, CAMK and STE were significantly enriched and those of proline directed kinase families,
CMGC and CK were significantly depleted among substrates that exhibited increased
phosphorylation upon EGF stimulation and reduced phosphorylation upon TKI inhibition. This is
the first study to date to examine global phosphorylation changes upon erlotinib treatment of lung
adenocarcinoma cells and results from this study provide new insights into signaling downstream
of mutant EGFRs in lung adenocarcinoma.
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1. Introduction

Lung cancer is the leading cause of cancer mortality in both genders in the US. It is
estimated that there were 230,000 new cancer cases and 160,000 cancer deaths in 2013 [1].
Lung adenocarcinoma is the most common histology associated with lung cancer patients.
Mutations in the kinase domain of epidermal growth factor receptor (EGFR) occur in around
10% of patients with lung adenocarcinoma in the western world and 25-30% of patients in
Asian countries [2—4]. Leu to Arg substitution at position 858 (EGFR-8%8R) and a series of
deletions at the ATP binding pocket of the kinase domain of EGFR that deletes the Leu-Arg-
Glu-Ala (LREA) motif (EGFRPe!) account for more than 90% of mutations in EGFR. These
mutations are associated with sensitivity of patients to EGFR-directed tyrosine kinase
inhibitors (TKIs). Although patients harboring these TKI-sensitizing mutations respond
dramatically to erlotinib, they all eventually develop secondary resistance. Around 60% of
such patients develop a second site mutation in the gatekeeper residue in the ATP binding
pocket of EGFR (T790M) [5-8]. Understanding the intricate signal transduction pathways
that are activated by mutant EGFRs in lung adenocarcinoma is germane to developing new
biomarkers of TKI sensitivity, resistance, and also developing new treatment strategies to
circumvent TKI resistance.

Lung cancer-specific EGFR mutants activate the AKT and STAT signaling pathways to
promote cell survival, while not affecting ERK signaling, at least in an isogenic system of
immortalized mouse mammary epithelial cells and also transiently transfected COS7 cells
[9]. In PCY, a lung adenocarcinoma cell line harboring EGFRP®! E746-A750 gefitinib
treatment caused rapid decline of pro-survival signals, pAKT and pERK1/2 levels within 4
hours and a slower but sustained increase in pro-apoptotic signal, phospho-p38 MAPK [10].
This differential attenuation of pro-survival and pro-apoptotic signals may underlie the acute
sensitivity of these lung adenocarcinoma cells to mutant EGFR inhibition [11].

Recent advances in quantitative mass spectrometry and profiling of post-translational
modifications, such as phosphorylation has enabled global proteome-wide analysis of
normal EGFR signaling pathway [12-16]. More specifically, a global phosphoproteomic
approach to identify tyrosine phosphorylated peptides has identified several oncogenic
kinases such as EGFR, c-MET, PDGFRa, DDR1 and novel ALK and ROS fusions in non-
small cell lung cancer (NSCLC) cell lines and tumor specimens [17]. Phosphotyrosine
profiling has also been performed by mass spectrometry in lung adenocarcinoma cell lines
with variable sensitivities to EGFR TKI, gefitinib. Quantitative estimation of tyrosine
phosphorylation of peptides was further performed in this study in two adenocarcinoma cell
lines with TKI-sensitizing EGFR mutations. This study demonstrated that there was an
extensive signaling network downstream of mutant EGFRs that collapsed upon treatment
with an EGFR TKI [18]. Mass spectrometry and other biochemical approaches have been
used to identify dynamic phosphorylation changes in EGFR upon EGFR-TKI treatment [19-
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21]. We have employed quantitative mass spectrometry to identify and quantify tyrosine
phosphorylation of targets of wild type or mutant EGFRs in isogenic human bronchial
epithelial cells (HBECs) and identified several novel mutant EGFR targets [22]. In this
study, in order to identify direct and indirect targets of mutant EGFRs in lung
adenocarcinoma, we sought to identify dynamic global phosphorylation changes (primarily
pSer/Thr, and also pTyr) upon immediate ligand stimulation with or without prior EGFR
TKI, erlotinib inhibition of H3255 (EGFRL8%8R mutant), a TKI-sensitive, and H1975
(EGFRL8S8R/T790M mytant), a TKI-resistant lung adenocarcinoma cell lines. We posited that
such analyses of dynamic phosphorylation changes in EGFR-TKI-sensitive and -resistant
lung adenocarcinoma cells will identify targets of mutant and/or activated wild-type EGFR,
signaling pathways responsible for TKI resistance, and possible off-target effects of
erlotinib.

2. Materials and Methods

2.1 Cell Culture and preparation of lysates

Two lung adenocarcinoma cell lines, H3255 harboring EGFR L858R mutation (a kind gift
from Dr. Bruce Johnson at Dana Farber Cancer Institute, Boston, MA) and H1975 with
EGFR L858R/T790M mutation (purchased from American Type Culture Collection) were
used in this study. These cells were cultured in RPMI SILAC media at 37°C, 5% CO, and
high humidity in accordance with the previously described protocol [12, 22, 23]. Briefly, 3-
state SILAC media were prepared by supplementing different isotopic versions of 1.15 mM
arginine and 0.274 mM lysine. Light media was made using light arginine and lysine,
medium state contained 13Cg arginine and 4,4,5,5-D, lysine, and heavy media contained
13C415N, arginine and 13C¢19N, lysine. All amino acids (99% pure) were purchased from
either Cambridge Isotope laboratories (Andover, MA) or from Sigma-Aldrich, (St. Louis,
MO). The cells were passaged at least five times and screened for labeling efficiency using
mass spectrometry. Upon completion of labeling, cells were expanded into several 15 cm
dishes. Cells (~5x107-108 per dish) were serum starved for 14 hours prior to treatment.
Light cells were left untreated as the control, the medium labelled cells were stimulated with
100 ng/ml EGF (Millipore) for three minutes and the heavy cells were treated with erlotinib
(Genentech) to a final concentration of 200 nM for one hour before stimulating the cells
with 100 ng/ml EGF for three minutes. The reaction was terminated by chilling cells quickly
with cold PBS; for phosphopeptide profiling, cells were lysed in urea lysis buffer containing
20 mM HEPES pH 8.0, 8 M urea, 1 mM sodium orthovanadate, 2.5 mM sodium
pyrophosphate, and 1 mM B-glycerophosphate. Cells were sonicated using Branson 250
Sonifier at 20% pulse for 5 sec, 3 times on ice. Samples were centrifuged at 15,0009 for 10
min and protein concentration in the supernatant was measured using modified Lowry
method (BioRad). Equal amounts of protein from lysates of each state were combined. For
Western blot based validation experiments unlabelled cells (control, treated with erlotinib
and EGF) were lysed with modified RIPA buffer containing 50 mM Tris-HCI pH 7.4, 1%
Nonidet P-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, protease inhibitor
mixture tablets (Roche), 1 mM NazgVOy, and NaF 1 mM.
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2.2 Tryptic digestion of proteins and purification of digested peptides

Lysates from the three SILAC states (serum starved, EGF stimulated, and TKI
inhibited/EGF stimulated) were combined to constitute 20-30 mg of pooled lysate that was
homogenized and centrifuged at 15,000xg followed by reduction and alkylation with 45 mM
dithiothreitol (Sigma Aldrich, MO) and 100 mM iodoacetamide (Sigma Aldrich, MO),
respectively [24]. Modified sequencing grade Trypsin (Promega, Madison, WI) was used to
carry out digestion of the lysate at 30°C for 16 hrs. The digest was then acidified using 0.1%
TFA and the tryptic peptides were cleaned using solid phase C18 extraction column
(Supelco, Bellefonte, PA), dried down in a lyophilizer, and subsequently subjected to strong
cation exchange (SCX) chromatography or basic reversed phase liquid chromatography
(RPLC).

2.3 Strong cation exchange (SCX) chromatography for fractionation of tryptic peptides

SCX was performed using an Agilent 1100 HPLC system (Agilent Technologies) using a
polysulfoethyl A SCX column (PolyLC, Columbia, MD; 200 x 2.1 mm, 5 um, 200A) as
described earlier [25, 26]. Lyophilized tryptic peptides were resuspended in SCX Buffer A
(10 mM potassium phosphate buffer containing 30% acetonitrile (ACN), pH 2.7), loaded
onto SCX column and eluted over a gradient of SCX buffer B (Buffer A containing 350 mM
KCI); 0-50% buffer B over a period of 30 min followed by 50-100% B for 7 min, and 100%
B for 3 min. A gradient cycle time of 50 min was used. A total of 24 fractions were collected
based on UV absorbance profile and the fractionated peptides were dried in a vacuum
centrifuge.

2.4 Basic reversed phase liquid chromatography (RPLC) fractionation and concatenation
of peptide fractions

Basic RPLC separation was performed with a XBridge C18, 250 x 4.6 mm analytical
column containing 5um particles and equipped with a 20 x 4.6 mm guard column (Waters,
Milford, MA) with a flow rate of ImL/min. The solvent consisted of 7 mM
triethylammonium bicarbonate (TEABC) as mobile phase A, and 7 mM TEABC and 90%
ACN as mobile phase B. Sample separation was accomplished using the following linear
gradient: from 0 to 1% B in 5min, from 1 to 10% B in 5min, from 10 to 35% B in 30min,
and from 35 to 100% B in 5min, and held at 100% B for an additional 3min. A total of 96
fractions were collected during the LC separation in a 96-well plate in the presence of 50uL
of 1% formic acid. The collected fractions were dried in a vacuum centrifuge. Finally the
samples were concatenated into 12 fractions by combining fractions 1, 13, 25, 37, 49, 61,
73, 85; and so on.

2.4 Titanium Dioxide (TiOy) Enrichment

Dried peptides dissolved in solution A containing 80% acetonitrile, 1% trifluoracetic acid
and 3% 2,5-dihydroxybenzoic acid and incubated with titanium dioxide (TiO,) (Titansphere,
GL Sciences) pretreated (2hrs at room temperature) with solution A [26-28]. After 12 hrs,
TiO, beads were washed thrice using solution A and twice with 80% acetonitrile containing
1% trifluoracetic acid. TiO, bound peptides were eluted using 3% NH4OH in 40% ACN and
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immediately acidified using formic acid. The peptides were vacuum dried, C18 stage-tip
cleaned before LC-MS/MS analysis.

2.5 LC-MS/MS analyses

Tandem mass spectrometry analysis of SILAC labelled peptides obtained from SCX
chromatography followed by TiO, enrichment were carried out on a LTQ Orbitrap XL
(Thermo Scientific) mass spectrometer interfaced with a Eksigent nanoflow liquid
chromatography system and an Agilent 1100 microwell plate autosampler. Magic C18 AQ 5
um, 100A from Michrom Bioresources was used for packing nanoflow reversed-phase
columns. Peptides were loaded onto a trap column (75 um x 2 cm) and separated on an
analytical column (75um x 15 cm) at 300 nL/min flow rate for 75-120 min duration. The
data dependent LC-MS/MS analysis was carried out by acquiring FT-MS at a resolution of
60,000 at m/z 400 and MS/MS of eight most abundant ions in ion trap. Multistage activation
mode was enabled with neutral loss masses of 32.66, 48.99 and 97.97. Fragmented ions
were excluded dynamically for 90 seconds.

Peptides separated/fractionated by basic reversed-phase chromatography followed by TiO,
enrichment were analyzed on an LTQ-Orbitrap Elite interfaced with an Easy-nL.C 1000
RPLC (Thermo Scientific, San Jose, CA). The enriched phosphopeptides were loaded onto a
nano-trap column (Acclaim PepMap100 Nano Trap Column, C18, 5 um, 100 A, 100 pm i.d.
x 2 cm) and separated on a nano-LC column (Acclaim PepMap100, C18, 3 um, 100 A, 75
pum i.d. 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
300 nL/min using the following linear gradient: from 2 to 8% B in 5min, from 8 to 32% B in
100min, from 32 to 100% B in 10min, and held at 100% B for an additional 10min. The
heated capillary temperature and spray voltage were 275°C and 2.2kV, respectively. 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 ten most abundant ions,
using 32% collision energy and dynamic exclusion time of 30s.

2.6 Data Analysis

Peptides and proteins were identified and quantified using the Maxquant software package
(version 1.3.0.5) with the Andromeda search engine [29] as well as Proteome Discoverer
with Mascot and Sequest search engines (Thermo Scientific). MS/MS data were searched
against the Refseq 49 human protein database and quantification was performed using
default parameters for three-state SILAC in MaxQuant. Parameters for data analysis
included trypsin as a protease with two allowable missed cleavages. Carbamidomethyl
cysteine was specified as a fixed modification. Phosphorylation at serine, threonine and
tyrosine, deamidation of asparagine and glutamine, 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% FDR cut off was applied. Phosphorylation
motifs for serine and threonine phosphorylation sites were aligned using PhosphoSite Plus
[30] using the Motif-All algorithm to search the observed sites weighted by a database of
known phospho serine/threonine sites.
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2.7 GPS analysis

We determined putative kinase targets among all the identified phosphosites using the
Group-based Prediction System 2.1.2 (GPS) [31]. Predictions of kinase-specific
phosphorylation sites were done for 408 human protein kinases based on preferable peptide
substrate sequences with theoretically calculated maximal false positive rate of 6% for
serine-threonine kinases and of 9% for tyrosine kinases. We applied Fisher’s exact test with
Benjamini-Hochberg adjustment using R statistics package to determine the enrichment or
depletion of number of substrates of kinase family, subfamily, and individual kinases for the
set of phosphosites hyperphosphorylated after EGF stimulation (EGF/Control, M/L > 1.5)
and for the set of phosphosites sensitive to erlotinib treatment (EGF + erlotinib/EGF, H/M <
0.67) in comparison with the corresponding baselines (0.67 < M/L < 1.5 and 0.67 < H/M <
1.5). Data representation on the kinome tree was adapted from Manning et. a/. [32] and the
Kinome Render software [33].

2.8 Immunoblot analysis

3. Results

For Western blot analysis, 50-100 ug of lysate was separated by SDS-PAGE (Invitrogen)
and transferred to nitrocellulose membrane. After blocking in 5% BSA in PBST for one
hour, membranes were incubated with the appropriate primary antibody followed by
secondary antibody coupled with horseradish peroxidase. The primary antibodies used were
against mTOR, pmTOR (S2248), RSK2, pRSK2 (S380), ERK1/2, pERK1 (T202/Y204),
AKT1 and pAKT1 (S473), purchased from Cell Signaling Technology (Andover, MA).
Actin was purchased from Sigma Aldrich, MO. Custom mouse monoclonal antibodies were
made against EGFRL858R  that recognizes mutant EGFR, but not WT EGFR, and against
EGFRL858 that recognizes wild type EGFR, but not mutant EGFR in collaboration with
NanoTools (Germany). Membranes were incubated with ECL (Amersham) for 5 minutes
prior to exposing to X-ray film.

3.1 Phosphoproteomic profiling of erlotinib-sensitive and -resistant lung adenocarcinoma

cells

H3255 is a lung adenocarcinoma cell line that harbors the L858R mutation in the kinase
domain of EGFR. There is preferential amplification of the mutant allele of EGFR leading to
overexpression of mutant EGFR protein in this cell line (Fig. S1A). These cells are
exquisitely sensitive to EGFR-directed tyrosine kinase inhibitors (TKIs), such as erlotinib,
with ICsq value ranging in the subnanomolar range [34]. H1975 is a lung adenocarcinoma
cell line carrying two mutations in EGFR (L858R, T790M), and is resistant to first
generation reversible EGFR-TKIs, such as erlotinib. Treatment of H3255 cells with erlotinib
results in global decrease in tyrosine phosphorylation even in the presence of EGF treatment,
while there is no significant change in global tyrosine phosphorylation in H1975 cells
harbouring the resistant EGFR mutant (Fig. S1). Although inhibition of tyrosine
phosphorylation is expected immediately upon erlotinib action, here we sought to identify
the Serine/Theronine phosphorylation changes that occur immediately upon EGFR
activation (within three minutes of EGFR stimulation) and the sites of such phosphorylation
that are inhibited by erlotinib treatment. In order to examine the global signaling
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consequences that result from EGFR ligand stimulation and erlotinib treatment, a
phosphoproteomics approach was employed to understand and identify downstream
signaling events by enriching phosphopeptides for quantitative analysis.

H3255 and H1975 cells were SILAC labelled with “light-L” (normal), “medium-M”, and
“heavy-H" labelled amino acids to perform a “three-state” SILAC experiment. The cells
were serum starved overnight. “Light-L" cells were left untreated (control), “medium-M”
cells were treated with EGF for three minutes, and “heavy-H” cells were first treated with
erlotinib for two hours followed by induction with EGF for three minutes. Equal amount of
experimental lysates from the three states were mixed at 1:1:1 ratio and further processed for
MS analysis (Fig. 1A). After digestion with trypsin, the peptides were fractionated by either
strong cation exchange chromatography (SCX) or basic reversed phase liquid
chromatography (RPLC) and subsequently enriched for phosphorylated peptides using
titanium dioxide (TiO,). Peptides were then analyzed with high-resolution liquid
chromatography-tandem mass spectrometry (nLC-MS/MS) on a hybrid linear ion trap
Orbitrap instrument. Two replicates of H3255 experiment underwent SCX fractionation
followed by LC-MS/MS analysis on LTQ Orbitrap XL. Three replicates of H3255 and
H1975 were fractionated by basic RPLC followed with LC-MS/MS analysis on Orbitrap
Elite. A total of 110 MS runs resulted in identification of 11,207 unique phosphosites (9,094
phosphoserine, 1,975 phosphotheronine and 138 phosphotyrosine sites) in 3,086 proteins. A
total of 8,759 phosphosites in 2,571 proteins (7,048 phosphoserine, 1,567 phosphothreonine
and 129 phosphotyrosine sites) and 6,444 phosphosites in 2,234 proteins (5,440
phosphoserine, 968 phosphothereonine and 26 phosphotyrosine sites) were identified in
H3255 and H1975 cell lines, respectively. Among them, phosphorylation was quantified in
6,964 and 5,109 phosphosites in the respective cell lines of which 5,752 and 4,279 were
labelled as class | phosphosites (localization probability of phosphorylation 0.75 or more)
(Table S1). We used a SILAC ratio cut-off of 1.5 and 0.67 for increased and decreased
phosphorylation, respectively. The distribution of the peptides based on SILAC ratios
followed largely a normal distribution. The cut-off of 1.5 and 0.67 were around one standard
deviation of the median of the SILAC ratios (Fig S2). Majority of phosphosites (totalling to
4,580 in H3255 and 3,473 in H1975) did not show any change upon treatment with EGF or
erlotinib, which is reflective of the existence of very specific signaling cascades that are
altered upon ligand stimulation or TKI inhibition. There were a total of 401 phosphosites
that underwent increased phosphorylation upon EGF stimulation and 245 phosphosites were
dephosphorylated upon erlotinib inhibition in H3255, the TKI sensitive cell line. However, a
total of 307 phosphosites were hyper-phosphorylated on EGF stimulation in H1975, but only
75 of them were dephosphorylated with erlotinib inhibition, demonstrating the overall
insensitivity of these adenocarcinoma cells to erlotinib inhibition (Fig 1B). We identified
129 and 26 phosphotyrosine sites in H3255 and H1975 cell lines, respectively, using the
global phosphopeptide enrichment strategy. Among these sites, 27 sites were
hyperphosphorylated upon EGF stimulation and 21 of them were dephosphorylated with
erlotinib inhibition in H3255, including kinases, EGFR and MAPKS3; transcription factor
STATS5B; adaptor proteins DLG3 and CTNNDZ,; adhesion proteins MLLT4 and PKP2.
However, only 6 phosphotyrosine sites were found hyperphosphorylated in H1975, and they
were not inhibited by erlotinib. The SILAC ratio depicting effects of EGF stimulation (M/L)
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and erlotinib inhibition (H/M) were plotted in a scatter plot for direct comparison of the
dynamic changes in H3255 and H1975 cells (Fig 2A). Since there were five replicates of
H3255 experiment and three for the H1975 experiment, we could perform statistics to
identify significant changes of phosphorylation upon EGF stimulation or erlotinib inhibition
for each cell line (Fig 2B). The volcano plots clearly demonstrate that while there was
significant inhibition of phosphorylation in a large number of phosphosites in H3255 cells,
only a handful underwent inhibition in H1975 cells which is resistant to erlotinib treatment
using a more conservative cutoff of a SILAC ratio of 0.5 for erlotinib treatment (H/M) (Fig
2B, lower panel). We also compared the statistically significant differences between each of
the respective SILAC ratios between the two cell lines (Fig 2C). As expected a large number
of targets showed significant decrease in phosphorylation in H3255 cells upon erlotinib
treatment (H/M ratio) compared to H1975 cells (Fig 2C, right panel). Specific significantly
altered targets identified from these statistical analyses are shown in Table 1.

3.2 Specific phosphomotifs identified in the groups of regulated phosphosites

We compared the list of phosphosites having specific modes of regulation upon EGF
treatment and TKI inhibition to identify potential phosphomotifs enriched among those
phosphosites. All identified class | sites in three regulation groups with their neighbouring
six residues on either side of the phosphorylation site were subjected to motif analysis using
the Motif-All algorithm [35] in Phosphosite Plus [30]. The motifs observed were mostly
arginine-enriched in the N-terminal side and proline-enriched in the C-terminal side of the
phosphosites. The AGC and the CMGC protein kinase families of the human kinome
represent mostly these enriched motifs (Fig S3). For the group of phosphosites that were
hyperphosphorylated on EGF stimulation but hypophosphorylated with erlotinib inhibition,
the motif observed was strongly representative of the RXRXXpS/T motif specific to AKT
signaling [36], indicating that pretreatment of cells effectively prevents EGFR mediated
activation of AKT. However, on the C-terminal side, the motif was phenylalanine-enriched
in H3255 instead of proline-enriched in H1975 (Fig S3A), which is specific to the PKB/
CaMKIIp sub-family and CK2 sub-family, respectively. Erlotinib sensitive phosphosites that
were not affected by EGF have a strong association with N+1 proline (Fig S3B) for both cell
lines. Phosphosites that were down-regulated upon short-term exposure to EGF but
upregulated with erlotinib pre-treatment showed a strong trend towards proline-dependent
phosphomotif for H3255 but not H1975 (Fig S3C), such as those shared by MAPK and
cyclin dependent kinases (CDK) [37]. For H1975, the motif was close to the CaMKIla/8
group. The majority of phosphosites identified that showed no change upon either EGF
stimulation or TKI inhibition had proline at N+1 and arginine at N-3 positions (Fig S3D).

3.3 Canonical pathways enriched in the groups of regulated phosphosites

Global phosphorylation changes upon EGF stimulation or TKI inhibition are likely to
identify changes in specific signaling pathways. We sought to identify canonical pathways
that were altered among differentially phosphorylated proteins harbouring at least one
phosphorylation site whose phosphorylation decreases upon erlotinib treatment in H3255
cells, but shows no change in H1975, an Ingenuity Pathway Analysis (IPA) was performed.
The top canonical pathways that were enriched in this group included Insulin receptor,
neuregulin, HGF mTOR, JAK/STAT, elF4/p70S6K, PKA signaling, and regulation of EMT
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pathways (Fig 3, Fig S4). Interestingly, neuregulin signaling, including ERBB signaling was
the most significant canonical pathway enriched in the group of phosphosites that were
hyperphosphorylated upon EGF stimulation in both H3255 and H1975 cells and
hypophosphorylated upon erlotinib inhibition in H3255 cells, but not H1975 cells (data not
shown). This analysis exposes critical signaling pathways that fail to be inhibited by TKI
treatment and illuminates potential mechanisms of TKI resistance. The data was also
analyzed using SILAC ratios more than 2 standard deviation of the mean, which is the
SILAC ratio cut-off of 2.1 and 0.42 for increased and decreased phosphorylation,
respectively. The number of phosphosites regulated is much less compared to that from one
standard deviation of the mean, and more phosphosites remained unchanged. However, the
IPA analysis generated similar results (Fig. S5). The top canonical pathways that were
enriched in this group included neuregulin, p70S6K, Insulin receptor, ERBB4, IGF-1, EGF,
MTOR, elF4/p70S6K, Rho GTPases signaling pathways.

3.4 Changes in phosphorylation of proteins in the RAS-RAF-MAPK and PI3K-AKT-mTOR
signaling pathways

The phosphosites identified in proteins of the RAS-RAF-MAPK and the PI3K-AKT-mTOR
signaling pathways and their phosphorylation changes upon EGF stimulation or TKI
inhibition are shown in Fig 4. We identified several phosphorylation sites in EGFR with
increased phosphorylation upon short-term exposure to EGF and decreased phosphorylation
upon erlotinib inhibition in H3255 cells (Y1197, Y1172, Y998, S720, T725, S1064).
Phosphorylation at two of these sites (Y1172 and Y1197) identified in H1975 increased
upon EGF stimulation but had a modest decrease upon erlotinib inhibition (Table 1). An
increase in phosphorylation of several autophosphorylation sites of MAPK1 (T185 and
Y187) and MAPK3 (T202 and Y204) indicate that downstream MAPK signaling cascades
are activated immediately upon EGF stimulation. Phosphorylation at these sites decreased in
H3255 cells in the presence of erlotinib, but did not change in H1975 cells (Table 1). Several
of the key sites of phosphorylation of EGFR, MEK and ERK were also validated by Western
blots (Fig 5). In support of the mass spectrometry data, all of these sites had decreased
phosphorylation in H3255 cells upon erlotinib treatment, while they remained unchanged in
H1975 cells.

The PI3K-AKT-mTOR pathway is a commonly activated pathway in several cancers,
including lung adenocarcinoma. Upstream kinases trigger the PI3K directly or via adaptors
such as the IRS proteins and result in activation of AKT. Phosphorylation events at T308 and
S473 have been shown to be vital for the full activation of AKT1 on EGF treatment [38].
AKT1 is phosphorylated on T308 in the activation loop by PDK1. Further phosphorylation
of S473 residue located in the carboxyl hydrophobic domain is essential for the activity of
AKT and likely mediated by the mTORC1 complex [39]. We could not detect AKT2 and
AKT3 isoforms in our mass spectrometry analysis and could only detect certain sites on
AKT1 that did not show any change on EGF or erlotinib treatment. We performed Western
blot to examine the changes of phosphorylation at T308 and S473 of AKT. Phosphorylation
was inhibited upon erlotinib treatment in H3255 cells while there was no change in H1975
cells (Fig 5). mTOR is a serine threonine kinase that regulates several processes such as
mRNA translation, autophagy, cell cycle progression and cell survival. It is predominantly
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assembled into two complexes called mMTORC1 (mTOR, RPTOR, AKT1S1/PRAS40, LST8/
GBL and DEPTOR) and mTORC2 (mTOR, RICTOR, mSIN1, PROTOR, mLST8 and
DEPTOR). mTORC1 controls cell growth in part by phosphorylating the p70S6 kinase
(RPS6KB1) and the EIF4E binding protein 1(EIF4AEBP1) that are key regulators of protein
synthesis, while mMTORC2 modulates cell survival by phosphorylating AKT1 and serum
glucocorticoid regulated kinase 1 (SGK1) [40]. Several sites of phosphorylation on RICTOR
were identified, of which S1282 and S1284 were dephosphorylated on treatment with
erlotinib in H3255. S863 in RPTOR was found dephosphorylated on erlotinib treatment in
H3255, but did not change in H1975 (Fig 4). mTORC1 activation results in phosphorylation
of T37 and T46 in EIFAEBPL, which in turn results in further phosphorylation of S65 and
T70. These phosphorylation events release elF4E resulting in assembly of the elF4F
complex for cap-dependent translation [41, 42]. We identified all four of these sites in our
experiments. Phosphorylation at positions T37, T46 and S65 did not increase upon EGF
stimulation in both cell lines, but were inhibited upon erlotinib treatment in H3255.
However, phosphorylation at position T70 was inhibited upon EGF stimulation and
increased on erlotinib treatment. Further phosphorylation of ribosomal protein S6 (RPS6)
and EIF4EBP1 by RPS6KB1 modulates translation of specific mRNAs [43, 44].
Interestingly, we identified five sites on RPS6 (S235 S236, S240, S241 and S244) that all
exhibited increased phosphorylation upon EGF stimulation, and decreased phosphorylation
upon treatment with erlotinib in H3255 (Fig 4). However, in H1975, the phosphorylation of
S235 S236 and S240 remained unchanged with both EGF stimulation and erlotinib
treatment. Phosphorylation of S242, S244 and S247 decreased upon short term EGF
treatment and increased with erlotinib inhibition.

3.5 Serine Threonine kinases regulated by EGF stimulation or erlotinib inhibition

We identified phosphorylation sites in 145 serine/threonine kinases. 263 and 234
phosphosites were identified in 97 and 93 serine/threonine kinases from H3255 and H1975
cell lines, respectively (Table S2). Phosphosites were identified on about 30% of all kinases
represented in human genome with slight enrichment of STE, CK1 and CMGC groups
(more than 40%) and slight depletion of the atypical kinases (less than 20%). The
phosphorylation level of most of the sites does not change upon EGF or erlotinib treatment.
Phosphosites of certain kinases, such as MAPK1 (T185, Y187), MAPK3 (T202, Y204) were
dephosphorylated upon TKI inhibition in H3255, but not in H1975 (Table 1 and Table S2).
S218/S222 and S222/S226 of MEK1/MEK2 were hyperphosphorylated upon EGF
stimulation and dephosphorylated with erlotinib in H3255. Phosphorylation at S295 and
T394 of MEK2 was unaltered upon EGF stimulation, but decreased upon erlotinib treatment
in H3255. However, T394 phosphorylation remained unchanged upon erlotinib treatment in
H1975 cells. Specific phosphorylation sites in many other kinases, including WNK1,
PRKD1, EEF2K, ROCK2 and RPS6KAL, were identified and were dephosphorylated upon
erlotinib treatment in H3255 cells. Altered phosphorylation and expression of Protein
Kinase C isoforms have been reported earlier in NSCLC cell lines in comparison to normal
lung epithelial cells. The delta isoform PRKCD has been shown to be anti-apoptotic in
function in NSCLC cells [45]. We identified a few phosphorylation sites in this protein. The
phosphorylation at site S304 was stimulated with EGF and inhibited upon erlotinib
treatment in H3255 cells.
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3.6 Transcription/Translation related proteins regulated by EGF stimulation and erlotinib

inhibition

We identified dynamic phosphorylation of specific sites of key translation regulatory
proteins, such as EIF4B, EIFAEBPL, and EIF4G1 (Table S3). Phosphosites T420, S422 and
S425 in EIF4B, T37, S65 and T68 in EIF4EBP1, S1238 in EIF4AG1 were
hyperphosphorylated on EGF stimulation, but dephosphorylated upon erlotinib treatment in
H3255 cells. Three sites, including S65 and T37 in EIFAEBP1, and S1238 in EIFAG1 were
also identified in H1975, but phosphorylation remained unchanged upon erlotinib treatment.
The EIF4E binding family of proteins (EIF4EBPS) negatively regulates translation initiation
by sequestering EIFAE, the rate limiting step in the formation of the translation initiation
complex [46]. We also identified phosphorylation sites in several transcription factors,
including FOXK1 (S441, S445), JUND (S100), DENNDA4A (S1630), RB1CC1 (S647),
PHF2 (S625), and PDS5B (S1162, S1165, S1166, S1176, S1177, S1182 and S1358), which
were dephosphorylated upon erlotinib treatment in H3255 cells. Among these,
phosphorylation at S1177 in PDS5B and S625 in PHF2 was unaltered upon erlotinib
treatment in H1975 cells (Table S1).

3.7 Components of autophagy pathway regulated by EGF stimulation and erlotinib

inhibition

A large scale proteomic study has recently identified several components of the Autophagy
Interaction Network (AIN) [47]. We identified 35 phosphosites in 18 proteins of the
Autophagy network from both cell lines (Table S4). Phosphorylation of ATG16L1 (S287),
PIK3C2A (5259), and ULK1 (S623, Fig S6) was reduced in H3255 cells, but remained
unchanged in H1975 cells following erlotinib treatment. Interestingly, another phosphosite
on ULK1, S775 was hyperphosphorylated upon EGF stimulation and the phosphorylation
was inhibited upon erlotinib treatment in H1975 cells (Fig S6). In addition, phosphorylation
of NEK9 (S29 and T333), PRKAAL (S501, T505), PRKAA2 (S377), and RB1CC1 (S647)
was inhibited upon erlotinib treatment in H3255 cells. Phosphorylation at T333 on NEK9
was inhibited upon erlotinib treatment in both cell lines, indicating that such change in
phosphorylation may be an off-target effect of erlotinib. Interestingly, two phosphosites
identified in ULK1 (S450 and S775) were hyperphosphorylated in H1975 upon EGF
treatment, and S775 was hypophosphorylated with erlotinib inhibition. ULK1 kinase is
involved in autophagy and required for autophagosome formation. It is the target of the
mTOR kinase signaling pathway that regulates autophagy through the control of
phosphorylation status of ATG13/KIAA0652 and ULK1 and the regulation of the ATG13-
ULK1-RB1CC1 complex. ATG8/LC3, a key component of the autophagic cycle has
associated proteins like SQSTML1 that function as receptors, which facilitate the engulfment
of organelles or cellular proteins into the autophagosome [48] or alternatively regulate the
process [47]. Four phosphosites were identified in protein SQSTM1, and they either stayed
the same (S28, S272 and T269) or downregulated (S266) on EGF stimulation, but were not
affected by erlotinib treatment. These dynamic phosphorylation changes in the autophagy
network proteins suggest regulation of proteins involved in autophagy by mutant EGFR
signaling.
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3.8 Kinase substrate prediction analysis reveals CMGC group kinase substrates to be
dephosphorylated upon short term EGF stimulation

The phosphosites identified in our study are substrates of specific Ser/Thr and tyrosine
kinases, many of which may be acting downstream of mutant EGFR in lung adenocarcinoma
cells. We undertook a bioinformatic approach to predict specific protein kinases for all these
substrates. The identified phosphosites were analyzed by GPS (Group-based Prediction
System) 2.1.1 for identifying their cognate protein kinases [31]. The kinase groups predicted
for each set of phosphosites sorted based on M/L and H/M SILAC ratios for H3255 and
H1975 cells are shown in Fig S7. We subsequently identified statistically significant
(P<0.01) “enrichment” or “depletion” of particular protein kinase groups predicted to be
cognate kinases of the phosphopeptide substrates in sets of phosphosites
hyperphosphorylated after EGF stimulation (M/L >1.5), or inhibited upon Erlotinib
treatment (H/M<0.67) compared with the corresponding “baselines” (0.67< M/L < 1.5 and
0.67< H/M <1.5). EGF treatment in both H3255 and H1975 cells leads to increased number
of phosphorylated substrates of basophilic kinases (several PKCs, PKGs, MAPKAPK,
ROCK1, CAMK1a and CAMK?2a), PAK and STE20 family kinases from STE group and
Aurora kinases (Fig 6 and Table S5). CMGC group kinase substrates such as those of ERK,
JNK and p38 as well as substrates of Casein kinases | and Il were depleted among
phosphosites hyperphosphorylated after EGF stimulation in both cell lines. Conversely
phosphorylation levels of CMGC group kinase substrates were decreased in both cell lines,
and in H3255, we identified statistically significant “enrichment” of named protein kinase
substrates in sets of phosphosites dephosphorylated after EGF stimulation (M/L < 0.67) (Fig
S8). Similar results were obtained by kinase-substrate prediction of groups of regulated
phosphosites identified using SILAC ratio cut-offs of 2.1 and 0.42 (Table S5). It is
remarkable, because there is clear decrease of phosphorylation of ERK substrates even after
ERK itself became hyperphosphorylated upon EGF treatment. Interestingly, the same
pattern of kinase family prediction was observed among phosphosites downregulated upon
erlotinib treatment in H3255, suggesting erlotinib “on-target” effect. These kinases may be
either direct or indirect targets of mutant EGFRs. In H1975, although the kinase families
predicted for substrates with increased phosphorylation upon EGF stimulation was similar to
those in H3255, the same pattern of kinase family distribution was not observed upon
erlotinib inhibition.

4 Discussion

The signal transduction pathways activated downstream of cell surface receptors, in parallel
or as feedback to mutant oncogene regulate the overall tumorigenic phenotype. Here, we
sought to identify the direct or indirect targets of mutant EGFR signaling in lung
adenocarcinoma cells. To our knowledge, this is the first study to interrogate the global
phosphorylation changes, predominantly of pSer/Thr sites, in mutant EGFR-driven lung
adenocarcinoma cells after ligand stimulation or the first generation EGFR-TKI, erlotinib
inhibition. We undertook a global phosphoproteomic approach to identify phosphosites
downstream of lung cancer-specific mutant EGFRs. We used SILAC-based quantitative
mass spectrometry to quantify the degree of phosphorylation in the identified phosphosites
upon short term EGF stimulation of lung adenocarcinoma cells. Most importantly, using
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EGFR TKI, erlotinib-sensitive and -resistant lung adenocarcinoma cells, we demonstrated
phosphorylation events that could or could not be inhibited by the mutant EGFR-directed
TKI, erlotinib. This approach of quantitative phosphoproteomics is a powerful tool to
examine signaling pathways activated downstream of mutant kinase oncogenes in an
unbiased fashion. The use of specific kinase inhibitors in sensitive and resistant versions of
lung adenocarcinoma cells allowed us to interrogate the signaling pathways that are
inhibited by drug inhibition as a result of blocking the target. More importantly, the
differential pathway activation between the sensitive and resistant cells may illuminate the
mechanisms of resistance.

The primary outcome of our global phosphoproteomic study was the identification of
specific sites of phosphorylation in key signaling proteins that appear to be direct or indirect,
albeit proximal targets of mutant EGFRs (Table 1 and Table S1). For most of these
differentially phosphorylated sites we do not expect changes in protein levels at three
minutes of EGF stimulation or one hour of erlotinib inhibition. We estimated the protein
amounts from the SILAC ratios of the non-phosphorylated peptides identified in our mass
spectrometry screen and we did not detect major changes in protein amounts in our
biological context (data not shown). Hence, the phosphorylation changes were a result of
ligand stimulation or TKI inhibition. The use of the resistant lung adenocarcinoma cells in
which the mechanism of resistance is known (i.e. a secondary mutation in the gatekeeper
residue in EGFR, T790M), allowed us to identify specific phosphosites that are regulated by
kinases, which are proximal targets of mutant EGFRs or by mutant EGFRs themselves (in
case of the pTyr sites). These are the sites that are inhibited by erlotinib in H3255, but not in
H1975 cells. It is interesting to note that the signaling pathways that were enriched in the
group of proteins that have phosphosites that showed this pattern of phosphorylation upon
TKI inhibition were all associated with EGFR signaling, suggesting that this global unbiased
approach can be used to identify mechanisms of resistance to TKIs and chemotherapy [49,
50]. The proteins in this group overlap critical pathways, such as EGFR, Insulin receptor,
HGF, mTOR, JAK/STAT, and elF4/p70S6K signaling pathways.

We identified phosphosites in proteins that were regulated by mutant EGFR in these cells
directly or mostly indirectly through other Ser/Thr kinases. The significance of this
regulation is largely unknown. However, our identification of these ligand and/or TKI
regulated sites in the phosphoproteome of lung adenocarcinoma raises important questions
regarding the critical signaling network in play in these tumor cells. As an example, we
identified twelve phosphosites in EGFR itself and phosphorylation at all of these sites was
inhibited upon erlotinib treatment of TKI-sensitive H3255 cells. Only four of these are
tyrosine sites and represent autophosphorylation sites. Ser/Thr kinases that phosphorylate
the other regulated sites in EGFR may likely be direct targets of EGFR. Moreover, these
sites may regulate normal EGFR function and signaling. Further studies are warranted to
find the biological significance of the phosphosite regulation both in the context of wild-type
and mutant EGFR signaling.

As predicted by the sensitivity pattern of the two lung adenocarcinoma cell lines used in this
study, while 245 of all phosphosites identified in H3255 were dephosphorylated upon
erlotinib inhibition, only 75 of all phosphosites were inhibited in H1975 cells that harbor the
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erlotinib resistant mutant EGFR under similar treatment conditions. This group of
phosphosites in H1975 cells may indicate “off-target” effects of erlotinib. It is interesting to
note that among these dephosphorylated sites there are key autophosphorylation sites in
EGFR itself, such as Y1172 and Y1197, and also key sites in some proximal adaptors such
as SHC1 (Y428), SOS1 (S-1134) and NCK1 (S85). However, the degree of inhibition of
phosphorylation is still significantly more in H3255 cells compared to the resistant H1975
cells. This could be the result of inhibition of the wild-type EGFR that are expected to
dimerize with EGFRL858R/T790M jn, the resistant lung adenocarcinoma cells. The
dephosphorylation of these sites in H1975 could also be a result of “off-target” inhibition of
another kinase by erlotinib. Such “off-target” kinases of erlotinib may include the SRC
family of kinases [51]. Phosphorylation at specific sites of several kinases reduced upon
erlotinib treatment of H1975 cells that are resistant to erlotinib. These include EPHA2
(S897), MAP4K4 (S648, S708), MAP3K1 (S-292), RPS6KA3 (T577), MKNK2 (S452),
NEK9 (T333), ULK1 (S775) and others. It would be interesting to study whether
phosphorylation of any of these sites regulates the function of corresponding kinase.

We identified several canonical pathways activated downstream of mutant EGFRs in lung
adenocarcinoma cells upon short term EGF stimulation. These include MAPK and AKT-
mTOR signaling pathways. Interestingly, in these lung adenocarcinoma cells, although
MAPKSs themselves were hyperphosphorylated, the MAPK targets exhibited overall
decreased phosphorylation at three minutes of EGF stimulation and phosphorylation was
unchanged on prior erlotinib treatment. Two separate bioinformatic analyses, the
phosphomotif analysis (Fig S3) and the GPS based prediction (Fig 6, Fig S7, and Table S5)
demonstrate this conclusion. Particular examples of such MAPK substrates are ZC3H13
(S77), ZMYM2 (S838), and ZY X (S344) [52]. Some of reported CDK substrates
demonstrate the same dynamics such as SEP-5 (S327) [53], AAK1 (T389) [54] and ABL1
(S588) [55]. It is possible that at such short time periods after ligand stimulation, certain
phosphatases are activated that dephosphorylate the targets of MAPKSs so that subsequently
the MAPKSs themselves can re-phosphorylate those targets to a greater extent. One such
candidate phosphatase identified in this study is PPP2R5D, the 56kD regulatory subunit of
protein phosphatase 2A (PP2A), a phosphatase that has been shown to dephosphorylate
targets of proline-directed or cAMP dependent protein kinases [56]. EGF stimulation
increased and erlotinib treatment inhibited phosphorylation at S573 of this protein in the
TKI sensitive H3255 cells while no alteration of phosphorylation was observed in the TKI
resistant H1975 cells (Fig S9). Phosphorylation at the corresponding site by PKA has been
shown to activate the phosphatase activity [57] of PP2A.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SILAC-based quantitative mass spectrometry and phosphopeptides identified in groups of

specific SILAC ratios. A. Flowchart showing biological treatment of SILAC-labelled cells,
enrichment of phosphopeptides, and detection by tandem mass spectrometry. B. Number of
class | phosphosites (localization probability >0.75) identified with SILAC ratios >1.5
(increased), 0.67-1.5 (unchanged) and <0.67 (decreased) (upper panel) and percentage of
phosphaosites in each of those groups (lower panel) in H3255 (left panel) and H1975 (right
panel) cells. Ratio M/L is EGF/Serum starved and ratio H/M is erlotinib + EGF / EGF states.

Proteomics. Author manuscript; available in PMC 2019 April 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 19
A
2 4 - g4
3 sumsih " wagarm| £ 3
72 ool = 21
? 1 e & 4
5 <
@0 z 0
€ % w
3 5} Fon > BC1D4-5531
5 -1 R R e R g IV ST o
& + WRNIP1-S75 ZNF217.5407ACIN1-SI86ACIN1-5358
=2 a 2 armi-Saon o dsTOML2T227
= ‘e GAPVD1-5929
3‘ -3 3 -3 ANK3'S144
w4 @ 4 EPHA-So07
g 3
S5 S5
5 4 3 -2-10 1 2 3 5 -4 3 210 1 2 3
Log, (EGF-M/ Serum starved-L)-H3255 Log,(Erlotinib + EGF-H / EGF-M)-H3255

-Log,,(p value t-test) w
o =« N w & w
o - N w & w

-Log,,(p value t-test)

5 -3 1 1 3 5 T 5 -3 - 1 3 5 7
Log, (EGF-M / Serum starved-L)-H3255 Log, (EGF-M/ Serum starved-L)-H1975
515 5

Now o

-Log,(p value t-test)

-Log,,(p value t-test)

4
3
2
1
0

°

-4 - - -5 -3 -1 1 3 5 7
Log,(Erlotinib + EGF-H / EGF-M)-H3255 Log,(Erlotinib + EGF-H / EGF-M)-H1975

4 e | |
‘ { LRRC16A-5968
= | = 4
2 wersorz. || swrooms-set0 ] ‘ ——
3 CLaspisgon: | | " OTuDS S8 £ ‘ APSs-5238
- { 1.8 - MAP1B-T1067 AKTIBI183
© awneresszs. | FRAARIS Sae ° 3 | |- ianerssse
3 PEA15-5104 ERBB2IP-51179 E] RPLIS130 | e
s i I kg20.5160  STOML2 oz = { iy
> 2| nesg PAKI-S20RANK3-S1444 > Lowsrn 5. WAPK3-T203
e ——— & 2{uermsost b o\ PROSER25212
= % /. : FLNC-S2233
g @ | wermsw sonzser |
31 ]
' 1
0 0
3 -2 1 0 1 2 3 4 321 01 2 3 4 5
Log, (M/ L-H1975) - Log, (M / L-H3255) Log,(H/ M -H1975) - Log,(H / M -H3255)

Figure 2.

Digstribution of quantified class | phosphosites and volcano plots showing significant SILAC
ratios of phosphopeptides in H3255 and H1975. (A) Scatter plot showing distribution of
SILAC ratios of EGF stimulation or erlotinib inhibition. Left panel is a plot against the Log
2 base ratio of EGF stimulated and serum starved cells (M/L). Right panel is a plot against
the Log 2 base ratio of erlotinib inhibited before EGF stimulation and EGF stimulated cells
(H/M). Each circle is a phosphorylation site. Annotated circles represent specific
phosphosites with 2 fold-changes. The phosphosites that change in both H3255 and H1975,
H3255 only, H1975 only are depicted in red, green, and blue circles, respectively; unaltered
phosphosites between H3255 and H1975 are depicted in black. (B) Volcano plots showing
significant SILAC ratios (M/L-upper panel; H/M-lower panel) of phosphosites that show
hyperphosphorylation, no change or dephosphorylation with EGF and erlotinib treatment.
Log? ratios of the median of biological replicates were plotted versus —log10 of the p-values
derived from a t-test. Proteins with a minimum 2-fold change combined with a p<0.05 are
considered significant (red lines). Left panels are the changes in H3255; and right panels are
the changes in H1975. Paired t-test was used for significance analysis from five biological
replicates for H3255 and three biological replicates of H1975. (C) Volcano plots
representing significant alterations of phosphorylation changes upon EGF stimulation or
TKI inhibition between H3255 and H1975 cells. Differences in log?2 ratios of M/L (left
panel) and H/M (right panel) of H1975 and H3255 were plotted against —log10 of the p-
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values derived from a t-test. Hyperbolic curves separate the phosphosites significantly
different between the two cell lines (red circles) from the ones unaltered between the two
cell lines (grey circles).
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Figure 3.
Ingenuity pathway analysis (IPA) shows top canonical pathways represented by proteins

with phosphosites that are hypophosphorylated upon erlotinib inhibition in the sensitive cell
line H3255, but remain unchanged in the resistant cell line H1975. The p value is a measure
of the likelihood that the association between the set of phosphosites with the given pathway
is due to random chance.

Proteomics. Author manuscript; available in PMC 2019 April 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al. Page 22

M 4 EGF § Ero
B > EGF +> Erlo
B <> EGF ¢ Erlo
[+ €GF 4 Erlo
[ 4 EGF <> Erlo
B ecF « Erlo
M ¥ EGF 4 Ero

W 4 EGF § Ero
B EGF « Erlo
B+ €GF § Erlo
El«»ecF 4 o
[ 4 €GF <> Ero
B ¢ ecr < Erlo
By EGF 4 Erlo

mTORC1 complex

$859 363

$1087
[ autopHaGy | “sus

PROLIFERATION | s11548°

51194 S1:

Figure 4.
Phosphosites identified in proteins of the RAS-RAF-MAPK and PI3K-AKT-mTOR

signaling pathway in H3255 (left panel) and H1975 (right panel). Colors represent specific
alterations in M/L (EGF/serum starved) and H/M (erlotinib+EGF/EGF) ratios as indicated.
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Figureb.
Validation of phosphorylation changes of specific phosphosites in proteins using Western

blotting. Phosphorylation specific and total protein antibody blots of key proteins that are
regulated upon EGF stimulation or erlotinib treatment in H3255 and H1975 cell lines.
PEGFR, pAKT, pMEK, pERK and pULKZ1 levels were increased or not changed upon EGF
stimulation and decreased upon erlotinib treatment in H3255, but not upon erlotinib
treatment in H1975.

Proteomics. Author manuscript; available in PMC 2019 April 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhang et al.

7 ,
27 /1
7 71

\
Y ' \ ;
4ot &\\\ AGC
Atypical Protein kinases AMPt//j‘
PDHK E MAPKAPK

- CANMK

Kinases with substrates enriched in:
EGF (M) / Serum Starved (L) > 1.5 and Erlotinib + EGF (H) / EGF (M) < 0.67
EGF (M) / Serum Starved (L) > 1.5 ONLY

~
cK2ai =~
cKzas y B
4 = A ckia
T d
\ VRKY, CK1
1\
\
L}
PLK1
Nek6 - n ,.,‘/(/_\—<‘ GRK4.
< PO = RSK1
Loi~ Voo e B
Nek2 CHK1Z aura \ N 70 T
- = / =
- G 5GK

Atypical Protein kinases
ATR
CaMKia

Page 24

ovatag g

Iy Y

~
BENN
GSK3y . i Z Py
G 9 4 = _~
> WY CKi
EAKS_ e 2 VAR
ERKI \ N,
ERK2F2#% 7] COKZzgf |\ *
was 7N ke Z )
e epIcaIKS / PLK
coxs =" e
=z / — \ —
7 A A Z S, e
A coxs < St A2

A Ycocarcoxs
Cokz

Kinases with substrates depleted in:
EGF (M) / Serum Starved (L) > 1.5 and Erlotinib + EGF (H) / EGF (M) < 0.67
EGF (M) / Serum Starved (L) > 1.5 ONLY

Figure 6.
Group-based Prediction System (GPS) analysis reveals predicted kinases for groups of

phosphosites with specific alteration upon EGF or erlotinib treatment in H3255 (left panel)
and H1975 (right panel) cells. Color-coding of kinases is based on the statistically
significant enrichment or depletion of kinase prediction among phosphosites in specific
groups of SILAC ratios as shown. CAMK, AGC, STE and TK protein kinase groups were
statistically enriched and CMGC group of kinases were depleted among phosphosites that
had enhanced phosphorylation upon EGF stimulation and also among phosphosites that had
reduced phosphorylation upon erlotinib inhibition in H3255 cells. In H1975 the same groups
of kinases were statistically enriched or depleted, but only among phosphosites that had
increased phosphorylation upon EGF stimulation. Names of kinase families are underlined
and the protein kinase members are marked by asterisks for those predictions where the
enrichment of a single kinase within a family did not reach significance, but the family as a
whole reached statistical significance.
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