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Abstract

Lung cancer causes the highest mortality among all cancers. Patients harboring kinase domain
mutations in the epidermal growth factor receptor (EGFR) respond to EGFR tyrosine kinase
inhibitors (TKIs), however, acquired resistance always develops. Moreover, 30-40% of patients
with EGFR mutations exhibit primary resistance. Hence, there is an unmet need for additional
biomarkers of TKI sensitivity that complement EGFR mutation testing and predict treatment
response. We previously identified phosphopeptides whose phosphorylation is inhibited upon
treatment with EGFR TKIs, erlotinib and afatinib in TKI sensitive cells, but not in resistant cells.
These phosphosites are potential biomarkers of TKI sensitivity. Here, we sought to develop
modified immuno-multiple reaction monitoring (immuno-MRM)-based quantitation assays for
select phosphosites including EGFR-pY 1197, pY1172, pY998, AHNAK-pY 160, pY715, DAPP1-
pY139, CAV1-pY14, INPPL1-pY1135, NEDD9-pY164, NF1-pY2579, and STATS5A-pY694.
These sites were significantly hypophosphorylated by erlotinib and a 3rd generation EGFR TKI,
osimertinib, in TKI-sensitive H3255 cells, which harbor the TKI-sensitizing EGFRL8%8R mutation.
However, in H1975 cells, which harbor the TKl-resistant EGFRL858R/T790M mytant, osimertinib,
but not erlotinib, could significantly inhibit phosphorylation of EGFR-pY-1197, STAT5A-pY694
and CAV1-pY14, suggesting these sites also predict response in TKI-resistant cells. We could
further validate EGFR-pY-1197 as a biomarker of TKI sensitivity by developing a calibration
curve-based modified immuno-MRM assay.

Significance: In this report, we have shown the development and optimization of MRM assays
coupled with global phosphotyrosine enrichment (modified immuno-MRM) for a list of 11
phosphotyrosine peptides. Our optimized assays identified the targets reproducibly in biological
samples with good selectivity. We also developed and characterized quantitation methods to
determine endogenous abundance of these targets and correlated the results of the relative
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quantification with amounts estimated from the calibration curves. This approach represents a way
to validate and verify biomarker candidates discovered from large-scale global phospho-
proteomics analysis. The application of these modified immuno-MRM assays in lung
adenocarcinoma cells provides proof-of concept for the feasibility of clinical applications. These
assays may be used in prospective clinical studies of EGFR TKI treatment of EGFR mutant lung
cancer to correlate treatment response and other clinical endpoints.
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1. Introduction

Lung cancer is a major public health problem and a leading cause of mortality in the United
States for both men and women. It is estimated that there will be 222,500 new cases and
155,870 deaths from lung cancer in 2017 [1]. Non-small cell lung cancer (NSCLC) is the
most common type of lung cancer and makes up 85% of all lung cancer diagnoses, with
adenocarcinoma being the most common histology. Aberrant regulation of EGFR causes
increased intracellular signaling through tyrosine kinase activation leading to cell growth,
angiogenesis, inhibition of apoptosis, invasion and metastasis. Somatic mutations in the
kinase domain of EGFR include a L858R point mutation in exon 21 [2] and exon 19 in-
frame deletions, such as Del E746-A750 which collectively make-up over 90% of known
activating EGFR mutations. Mutations in the kinase domain of EGFR provide sensitivity to
EGFR-tyrosine kinase inhibitor (EGFR-TKI) therapy [3-5]. The first-generation EGFR-
TKIs, erlotinib and gefitinib, and the second-generation TKI, afatinib, were approved by the
FDA for front-line therapy to treat patients harboring kinase domain EGFR mutations [6-8].
Unfortunately, all patients developed secondary resistance to EGFR-TKIs within 9-14
months of treatment. Several mechanisms of development of acquired resistance have been
elucidated. The most common acquired resistance mechanism that occurs in 50-60% of
patients is the acquisition of a second site mutation at the gatekeeper site residue in exon 20,
T790M [9,10]. Other mechanisms of resistance include MET amplification [11-13] and
small cell lung cancer (SCLC) transformation [14,15]. However, in 20—-25% of estimated
cases, the mechanisms of acquired resistance to 1st and 2nd generation EGFR TKIs remain
unknown. Moreover, approximately 30-40% of patients harboring TKI-sensitizing
mutations exhibit intrinsic resistance to TKI treatment [16—18]. Therefore, it is essential to
identify early treatment biomarkers and characterize the mechanisms of intrinsic and
acquired resistance to EGFR TKiIs to better guide the development of new drugs or
combination strategies to help overcome TKI- resistance.

We have previously employed a liquid chromatography-tandem mass spectrometry (LC
MS/MS) shotgun phosphoproteomics approach that used stable isotope labeling with amino
acids in cell culture (SILAC) to identify novel targets of mutant EGFR signaling in isogenic
human bronchial epithelial cells [19], to characterize global phosphorylation (pSTY)
changes upon immediate ligand stimulation, with or without prior 1st-generation EGFR
TKI, erlotinib treatment [20], and to investigate the effect of erlotinib and 2nd generation
EGFR TKI, afatinib on downstream tyrosine phosphorylation of several drug-sensitive and -
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resistant human lung adenocarcinoma cell lines [21]. These studies showed that the degree
of inhibition of tyrosine phosphorylation on several phosphosites correlates well with the
extent of TKI-sensitivity. We have identified several tyrosine phosphorylation sites
downstream of mutant EGFRs that are hyperphosphorylated in cells expressing mutant
EGFRs, compared to those expressing wild type EGFR, and phosphorylation targets that are
inhibited by EGFR TKIs, such as erlotinib and afatinib, in TKI sensitive cells, but not in
resistant cells, suggesting these are potential biomarkers of TKI sensitivity. Here, we sought
to develop multiple reaction monitoring (MRM) quantitation assays for a subset of candidate
phosphopeptides from downstream protein targets of mutant EGFRs based on the above
criteria. A previous study has shown the feasibility of MRM assays to reproducibly quantify
temporal tyrosine phosphorylation profiles upon EGF stimulation in EGFR signaling [22].
Another study has shown utilization of quantitative targeted proteomics to monitor
phosphorylation dynamics of the PI3K-mTOR and MAPK signaling pathways [23].
Development of sensitive MRM assays (especially for posttranslational modifications like
phosphorylation) that detect low amounts of endogenous peptides in complex biological
matrices usually involves incorporation of an additional enrichment step through an anti-
peptide antibody [24,25]. The multiplexed immuno-MRM assays (peptide immunoaffinity
enrichment coupled to MRM) have been utilized previously to investigate phospho-signaling
in the DNA damage response network [26].

In this study, we developed modified immuno-MRM assays for a subset of tyrosine
phosphorylated peptides (Table 1) and measured their basal phosphorylation levels in the
1st/2nd generation EGFR TKI-sensitive H3255 lung adenocarcinoma cell line, harboring the
EGFRL858R mutation, and TKI-resistant cell line H1975, harboring the EGFRL858R/T790M
mutation, and compared that to phosphorylation levels after treatment with the 1st
generation EGFR TKI, erlotinib, and the 3rd generation EGFR TKI, osimertinib. 3rd
generation EGFR TKiIs, such as osimertinib can circumvent resistance to 1st and 2nd
generation EGFR TKiIs resulting from the acquisition of the EGFRT79M muytation [27].
Based on our previously published global phosphoproteomics studies, we hypothesized that
these phosphotyrosine sites are the markers of sensitivity to EGFR TKIs. To test this
hypothesis, we quantified the degree of tyrosine phosphorylation of these sites in 1st and
2nd generation EGFR TKI-sensitive and -resistant cells upon treatment with erlotinib or
osimertinib. We show that phosphorylation of all these sites were inhibited by EGFR TKIs
in H3255 cells, while in H1975 cells, EGFR-pY1197, STAT5A-pY694 and CAV1-pY14
were significantly inhibited by osimertinib, but not erlotinib using relative quantitation.
Results of quantitation using calibration curves could validate EGFR-pY 1197 as a potential
biomarker of TKI sensitivity, regardless of the TKI used.

2. Materials and methods

2.1. Cell culture and lysate preparation

The two lung adenocarcinoma cell lines used in this study were H3255, harboring the EGFR
L858R mutation, and H1975, harboring both EGFR L858R and T790M mutations. H1975
was purchased from American Type Culture Collection (ATCC) and H3255 was a kind gift
from Dr. Bruce Johnson. These cells were cultured in RPMI media 1640 (Thermo Scientific,
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San Jose, CA) containing 10% dialyzed fetal bovine serum (Invitrogen, Carlsbad, CA) and
1% penicillin/streptomycin. The cells were grown in several 15 cm dishes (2-3 x 107 cells/
dish) at 37 °C, 5% CO5 and high humidity. H3255 and H1975 cells were treated with
DMSO (vehicle), and EGFR TKis, erlotinib and osimertinib (both prepared in the vehicle) at
100 nM for 1 h. Following treatment, cells were washed with cold PBS and lysed in urea
lysis buffer containing 20 mM HEPES pH 8.0, 8 M urea and protease and phosphatase
inhibitor mixture tablets (Roche, Indianapolis, IN). Cells were sonicated three times on ice
using a Branson 250 sonicator (Hampton, NH) at 20% pulse for 30 s. The samples were then
centrifuged at 20,000 x g for 15 min at 15 °C and the protein concentration of the
supernatant was measured v7a a modified Lowry assay (BioRad, Hercules, CA).

2.2. Protease digestion, peptide clean-up and IP-enrichment of phosphotyrosine peptides

Lysates prepared in urea buffer from were reduced by 4.5 mM dithiothreitol (DTT) solution
at 60 °C for 20 min. This was followed by cysteine alkylation by 10 mM iodoacetamide
(IAA) for 15 min in the dark. The samples were diluted four-fold to a final concentration of
2 M urea, 20 mM HEPES pH 8.0 and subsequently digested with trypsin (Worthington,
Lakewood, NJ) at a ratio of 1:100 (trypsin: protein, w/w) for 16 h at 30 °C. The digests were
then acidified to a final concentration of 1% trifluoroacetic acid (TFA) to quench the
protease digestion. The digested peptides were desalted using a solid-phase extraction C18
column (40 pm, 1 g, Supelco, Bellefonte, PA). The desalted peptides were lyophilized and
stored at —80 °C until further use. The endogenous phosphotyrosine peptides were enriched
using a PhosphoScan Kit with modified antibodies (combination of pY100 and pY 1000
antibody slurries, 1:1 v/v, Cell Signaling, Danvers, MA). For each sample, a total of 8 mg
digested protein extract was suspended in IAP buffer (50 mM MOPS, pH 7.2, 10 mM
sodium phosphate, 50 MM NaCl) and incubated with 80 pL of the immobilized anti-
Tyrosine antibody for 2 h at 4 °C. After incubation, the antibody bound beads were
centrifuged for 30 s at 2000 x g and the supernatant was pipetted out and stored. The
antibody beads were then washed twice with 1 mL AP buffer and once with 1 mL chilled
water. The phosphotyrosine peptides were eluted off the antibody beads by incubating twice
with 55 L of 0.15% TFA in water at room temperature for 10 min and mixing gently and
intermittently. The eluted phosphopeptides were desalted using Pierce C18 spin tips
(Thermo Scientific, Rockford, IL).

2.3. Synthetic peptide standards

The initial development of MRM assays was carried out using heavy isotope-labelled
synthetic peptides with a C-terminal 15N- and 13C-labelled arginine (:3Cg, 15N,) or lysine
(13Cg, 15N,) residues, resulting in a mass shift of +10 or +8 Da, respectively. Unlabeled 12Cqg
(light) versions of the peptides were also synthesized and used as internal standards for
building the calibration curves. These were purchased from New England Peptides Inc. (+
95% purity by HPLC, Gardner, MA). The peptides were quantified by amino acid analysis
by the company, aliquoted and stored at =80 °C until use.

2.4. Nano-LC-MRM method development and analysis

For assay development, the synthetic peptides were reconstituted in 0.1% formic acid and
were analyzed on a nano-chip-LC using a 1260 Infinity Series HPLC-Chip cube interface
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(Agilent, Palo Alto, CA) coupled to a 6495-triple quadrupole mass spectrometer (Agilent,
Palo Alto, CA). A large capacity chip system (G4240-62010) consisting of a 160 nL
enrichment column and a 150 mm x 75 pm i.d. analytical column (Zorbax 300SB-C18, 5
um, 300 A pore size) was used. Mobile phase A consisted of 95% water, 4.9% acetonitrile
and 0.1% FA, and mobile phase B consisted of 95% acetonitrile, 4.9% water with 0.1% FA.
A flow rate of 3 uL/min was applied for sample loading by the capillary pump and 600
nL/min for the analytical separation through the nano pump. A 25-minute linear gradient (0
min, 0% B, 1 min, 5% B; 17 min, 40% B; 20 min, 70% B; 21 min, 80% B; 25 min 0% B)
was used for the chromatographic separation of the target peptides. An electrospray
ionization voltage of 1850 V was applied and quadrupoles 1 and 3 were run at 0.7 m/z
FWHM resolution.

Individual injections were carried out to select transitions (defined as fragmentation of a
precursor into a specific product ion for a given peptide). The optimum transitions were
selected based on the presence of the top 5 most intense y-ions at /7/z greater than the
precursor /m/z, to minimize crosstalk from potential interfering transitions occurring from
singly charged precursor ions. When there were no y-ions present at a /m/z greater than the
precursor, then other more abundant b- and y-ions were chosen. The raw data were imported
into Skyline 3.7 [28] and manually reviewed to delete transitions with interferences. The
MRM assay for each peptide consisted of two to five transitions. The collision energies were
calculated by Skyline for the monoisotopic precursor and product masses for the Agilent
6495 system. An equation, CE = 0.04 x m/z + y-intercept was used, and intercepts of
-5.5664 and -4.8 were applied for doubly and triply charged precursors, respectively (CE =
collision energy, m/z = mass to charge ratio of the precursor ion). The optimum transitions
were combined in one scheduled MRM method with a 25-min run time and 2-min retention
time windows, using retention times extracted during the MRM assay refinement stage. To
minimize carryover, calibration samples were run from lower to higher concentrations and
two blank injections were performed in between each sample injection. The sample
carryover amount was estimated by determining the percentage intensity in the second blank
compared to the sample intensities.

2.5. MRM assay refinement, generation of calibration curves and statistical data analysis

The initial development of the MRM assays was carried out using stable-isotope labelled
standards to select optimum transitions. The synthetic peptide standards were reconstituted
in 0.1% formic acid, pooled and used for method optimization. A spectral library (Fig. 1,
[29]) was generated with our discovery data [21] to help select these transitions. All the raw
data files were imported into Skyline 3.7 and data annotations were manually inspected. For
endogenous target peptide identifications, we required that all the monitored transitions had
nearly identical elution profiles, as well as good correlation with the relative transition
intensities of the spiked-in internal standards, which were defined by ratio dot-product
(rdotp) values, and that the observed elution times were consistent with the hydrophobicity
of the peptides (Fig. 2, DIB manuscript). We used SSRCalc 3.0 [30] to predict retention
times of the targets for the scheduled method building.
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The synthetic peptides were spiked in the samples right before LC-MRM analysis. Peak area
ratios (PAR) of isotopically normal (/.e. light) endogenous signals to isotopically enriched
(7.e. heavy) internal standards were exported to Microsoft Excel for calculation of means,
standard deviations and coefficients of variation. The generation of linear regression was
carried out by building a reverse calibration curve [31] from H1975 DMSO treated lysates,
trypsin digested, and phosphopeptide immunoprecipitated using the combination of pY 100
and pY 1000 antibodies (matrix-matching). Within the matrix of unlabeled endogenous
tyrosine phosphorylated tryptic peptides, the amount of the heavy labelled standard was
varied over a range (0.01, 0.1, 0.5, 2, 8, 50, 100, 500, 100 fmol) and a constant amount of
the light peptide (2 fmol) was used as an internal standard. Linear regression was used to fit
the data points using a 1/y weighting for each calibration standard. Coefficient of variation
was used to determine the precision. The standard deviations (y-axis) of the three lowest
calibrators (x-axis) were plotted and used to calculate the limits of detection (LOD) and
lower limits of quantification (LOQ) for each peptide, where LOD = 3 x y-intercept and
LOQ =10 x y-intercept of those plots [32].

Quantitation was carried out by comparing the cells following TKI treatment to the controls
using a two-tailed ~test (p-values < 0.05 were considered statistically significant). To
identify differentially phosphorylated phosphotyrosine peptides, the mean PAR was used for
relative quantitation. The endogenous abundance of the targets was estimated by the
amounts calculated from the linear regression obtained from the calibration curves.

2.6. cBioPortal analysis

The TCGA lung adenocarcinoma dataset that consisted of the maximum number of
sequenced cases (520 patients) was interrogated through the cBioPortal [33,34] for
alterations in our gene list (Table 1) for missense, truncating and in-frame mutations,
amplification and deletions, mMRNA up- and downregulation and protein up- and down
regulation by RPPA assay. Most of these were early stage lung cancer patients who
underwent surgery. A survival analysis was also carried out comparing the cases with
alterations in our query list to the ones without alterations to look at the median disease-free
survival.

3. Results

The overall goal of this study was to develop modified immuno-MRM-based quantitative
assays to detect and quantify tyrosine phosphorylation on specific tyrosine phosphorylated
peptides of key signaling proteins involved in lung cancer-specific mutant EGFR signaling.
The peptides selected for this study were identified in our previous SILAC-based
quantitative DDA (Data Dependent Acquisition) studies [19-21] (Table 1). Phosphorylation
at these sites was higher in cells expressing mutant EGFRs and/or inhibited upon treatment
with 1st and 2nd generation EGFR TKIs, erlotinib and afatinib, respectively, in TKI-
sensitive but not TKI-resistant lung adenocarcinoma cells.
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LC-MRM method development and optimization

For each peptide target, two to five MRM transitions were chosen to build the optimized
MRM assays for targeted proteomics. We synthesized these peptides with heavy amino acid-
labelled Arg or Lys at the C-terminus and first, determined the optimal chromatographic
separation of the target peptides (Fig. 1A). Chromatographic co-elution of the target
endogenous peptides with the stable-isotope labelled internal standards was required for the
highest confidence of detection (Fig. 1B). All the target peptides had rdotp values of over
0.9, thereby indicating confident identifications in the biological samples. For quantitation,
noisy transitions and transitions with co-eluting interferences were discarded. The final
method after the refinement stage consisted of 12 peptides comprising 87 transitions (Table
1, [29)).

The SSRCalc linear regression was used for retention time prediction for scheduling the
MRM assays (Fig. 2, [29]). Given the average chromatographic peak width was around 30 s,
a cycle time of 1.3 s for the scheduled methods allowed for sufficient sampling across the
chromatographic peak. For any given peptide, the single transition that was free of
interfering co-eluting ions and had good signal intensity was chosen as the “quantifier” for
the quantitative assay while the remaining transitions were used as “qualifiers” to allow for
maximum specificity. At any given time during the scheduled method, the dwell time varied
from 80 to 160 milliseconds with 8 to 16 concurrent transitions being measured in any
specified retention time window (Fig. 4A and B, [29]). The resulting scheduled MRM
methods with a 120 s window allowed for over 20 points across the chromatographic peak
for the “quantifier” transitions for all of the peptide targets. The scheduled MRM method
resulted in superior chromatographic profiles for the final assays showing clearly defined
peak areas for endogenous peptides and the heavy labelled standards in both H3255
experiments (Fig. 2) and H1975 experiments (Fig. 5, [29]).

We tested our standardized assays to interrogate changes in tyrosine phosphorylation in
EGFR TKIl-sensitive cell line H3255, and TKI-resistant cell line H1975, upon treatment with
the 1st generation EGFR TKI, erlotinib and the 3rd generation EGFR TKI, osimertinib.
Erlotinib is expected to inhibit phosphorylation of these targets in H3255, but not in H1975,
since these cells are resistant to erlotinib. In contrast, osimertinib is expected to inhibit
phosphorylation of these targets in both H3255 and H1975 cells. Tyrosine phosphorylated
peptides were enriched using anti-phosphotyrosine (pY) antibodies. To optimize the
enrichment of the phospho-tyrosine peptides, a combination of two pY antibodies, pY100
and pY1000 were used. Analysis of the enriched phosphopeptides by DDA-based LC-
MS/MS using the two antibodies showed on average, an overlap of ~60% of the enriched
peptides (Fig. 3A and B, Supplementary Table 1 in [29]). Hence, a combination of the two
antibodies was used for the enrichment of pY peptides. The median retention time CVs
among the three process replicates for H1975 DMSO/vehicle treated cells was 0.28% for the
endogenous peptides and 0.23% for the heavy-labelled peptides (Fig. 3A). All the monitored
transitions for each peptide co-eluted. The phoshotyrosine target ERRFI1-pY394 was not
chosen for further optimizations owing to poor stability of the heavy labelled standard. The
peak area ratios (PAR) were calculated by normalizing the peak intensity of the endogenous
peptide transitions to that of the heavy labelled standard peptide. The CV values for the
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PARs for the three process replicates in H1975 DMSO/vehicle treated cells ranged from
13.9% to 56.4% with a median CV of 27.47% (Fig. 3B).

3.2. Relative quantitation of the phosphotyrosine sites upon TKI treatment in the lung
adenocarcinoma cells

The quantitative analysis of tyrosine phosphorylation of the peptides was carried out using
three to six biological replicates for the controls and the TKI treated cells (Supplementary
Table 1). The average of the median PAR CVs for the “quantifier” ion across three
biological replicates of the targets analyzed upon DMSO/vehicle, erlotinib and osimertinib
treatment was 26.7% (range 17-35%) in H3255 experiments (Fig. 6A, [29]) and 26.29%
(range 19.2-35.5%) in H1975 experiments (Fig. 6B, [29]). The drug sensitive cells, H3255,
showed significant downregulation of phosphorylation for all the phosphotyrosine sites with
p-values < 0.005 (Fig. 4A). In H1975 cells, there was no statistically significant change in
the tyrosine phosphorylation of the targets upon erlotinib treatment. The MRM ratios of
phosphorylation at AHNAK-pY715, DAPP1-pY139 and CAV1-pY14 were < 0.5, but these
changes were not statistically significant (p > 0.05) (Supplementary Fig. 1). In contrast,
relative quantitation showed that the treatment with osimertinib in these cells led to
statistically significant downregulation of STAT5A-pY 694 (p-value = .0006) and EGFR-
pY1197 (p-value = 0.004) over six biological replicates and CAV1-pY14 (p-value = 0.02)
over three biological replicates (Fig. 4B). Unsupervised clustering analysis of the log,-
transformed MRM ratios of erlotinib and osimertinib showed that the H3255 experiments
clustered together and so did the H1975 experiments. EGFR-pY 1197, pY1172 and STAT5A-
pY694 clustered together (Fig. 5).

3.3. Phosphopeptide abundance estimation using calibration curves

After examining the relative changes in phosphorylation, we wanted to more precisely
quantify the tyrosine phosphorylated peptides in these cell lines upon erlotinib or
osimertinib treatment. Quantitation of the phosphopeptides as measured by the MRM assays
does not account for the changes in the protein levels. However, our previous studies show
that short-term (1-hour) TKI treatments do not alter the protein abundances. Development of
similar immuno-MRM assays for protein estimations may be needed to provide insight into
the stoichiometric changes.

In order to characterize the analytical performance of the quantitative assays, we built the
response curves in digested and phosphotyrosine enriched matrix of H1975 cells treated
with DMSO and processed in the same fashion as the TKI treated samples (Fig. 7, [29]). A
reverse curve approach was used to eliminate the interferences from the endogenous signals
and to estimate the figures of merit like method dynamic range, limit of detection (LOD) and
limit of quantification (LOQ). Our matrix-matched external multi-point calibration curves
were linear over 2—4 orders of magnitude. Precision was excellent with replicate CVs under
20%. Of all the chosen targets, EGFR-pY1172 did not show a linear response to the dilution
series, while the remaining peptide curves were linear with R2 > 0.9 (Table 2).

In H3255 cells, the abundance of phosphorylated EGFR peptides containing EGFR-pY998
and -pY 1197 phosphosites reduced significantly from around 60 fmol/mg lysate to around
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5fmol/mg lysate, consistent with our results from relative quantification (Fig. 6A). Although
the amounts determined for the DMSO-treated sample by the linear regression were above
the linear dynamic range, the drug treatments showed a significant downregulation in the
tyrosine phosphorylations of these sites, indicating the inhibitory effects of the TKIs. In
these cells, the abundance of EGFR-pY998-containing peptide was downregulated by 13.4-
fold and 11.8-fold by osimertinib and erlotinib, respectively. Also, the abundance of EGFR-
pY1197-containing peptide was downregulated by 15-fold and 18.3-fold by osimertinib and
erlotinib, respectively. On the other hand, for the 1st generation TKI resistant H1975 cells,
the abundance of EGFR-pY998 was upregulated with drug treatments (erlotinib treatment,
average amount = 4.38 fmol/mg, p-value = 0.03 and osimertinib treatment, average amount
= 3.73 fmol/mg, p-value = 0.1). EGFR-pY 1197 peptide abundance was not significantly
altered upon erlotinib treatment, but was significantly reduced upon osimertinib treatment
(p-value = 0.009) (Fig. 6B).

The average abundance of INPPL1-pY1135-containing peptide in DMSO treated H3255
cells was 1.08 fmol/mg. Upon either TKI treatment, the amounts significantly reduced
(osimertinib treatment, p-value = 0.0002 and erlotinib treatment, p-value = 0.0004)
compared to control DMSO treatment (Fig. 6A). However, since the values of abundance
upon TKI treatment were under the LOD, this phosphopeptide could not be reliably
quantified. The levels of INPPL1-pY1135-containing peptide in H1975 cells in all
conditions were at LOD levels. Hence reliable quantitation could not be carried out for this
phosphopeptide for H1975 cells.

The abundance value of AHNAK-pY 160-containing peptide in H3255 was significantly
lower upon both erlotinib (1.5-fold downregulation, p-value = 0.009) and osimertinib
treatment (1.5-fold downregulation, p-value = 0.001) (Fig. 6A) while the levels of AHNAK-
pY160 in H1975 cells was not significantly altered upon either of the TKI treatments. The
quantification for the remainder of sites was unreliable as the amounts calculated fell outside
the domain of their respective standard curves (Supplementary Fig. 2).

4. Discussion

Kinase domain mutations in EGFR have been used to predict response to treatment with
EGFR TKiIs in lung adenocarcinoma patients. Accordingly, FDA has approved companion
diagnostics for several of these mutations to select patients to be treated with different
generations of EGFR TKIs. However, the partial response rates (> 30% of shrinkage of
tumors using RECIST criteria) are in the range of 70-80% with different generations of
EGFR TKiIs for treatment of newly diagnosed patients and even falls to around 60-70% in
patients who have developed resistance to 1st or 2nd generation EGFR TKIs and harbor the
most common TKI-resistant mutation, T790 M. Here, we developed modified immuno-
MRM assays for enrichment of tyrosine phosphorylated peptides using a combination of
pY100 and pY1000 antibodies, and carried out the quantitation of tyrosine phosphorylation
of specific phosphopeptides of key mutant EGFR signaling proteins. These phosphosites
exhibited increased phosphorylation in human bronchial epithelial cells expressing mutant
EGFRs. In addition, phosphorylation at these sites was inhibited in human lung
adenocarcinoma cells that were sensitive to 1st generation EGFR TKI, erlotinib, and 2nd
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generation EGFR TKI, afatinib. We validated these assays in two lung adenocarcinoma cell
lines with varying sensitivities to the 1st and 3rd generation EGFR TKIs, erlotinib and
osimertinib respectively.

H3255 human lung adenocarcinoma cell line, harboring the EGFR TKI sensitizing mutation
L858R is sensitive to both erlotinib and osimertinib. Osimertinib targets the TKI-sensitizing
mutations (sensitive to 1st generation EGFR TKIs), as well as the most common acquired
resistance mutation in EGFR, T790M. Recently, a large randomised double-blind phase 3
trial demonstrated that the median progression free survival was longer with osimertinib
than with the 1st generation EGFR TKis, gefitnib or erlotinib, in newly diagnosed patients
with EGFR mutations [35]. Treatment of H3255 with erlotinib or osimertinib represents
“front-line” treatment of patients in this published study. Relative quantification carried out
by comparing PARs through our validated MRM assays showed that tyrosine
phosphorylation of the phosphopeptides chosen for this study was inhibited significantly (p
< 0.005) upon treatment with either erlotinib or osimertinib in H3255 cells. Tyrosine
phosphorylation of CAV1-pY14 was inhibited with erlotinib, but was not significant in this
cell line. This is likely due to a lower endogenous level of CAV1 protein itself in H3255.
The chromatographic peak for this phosphopeptide had low intensity in control lysates with
DMSO treatment and was at background levels upon drug treatment in H3255. The
hypophosphorylation of EGFR-pY998, EGFR-pY 1197, INPPL1-pY 1135, AHNAK-pY160,
STAT5A-pY694 and NEDD9-pY 164 phosphosites upon both TKI treatments was verified
through the reverse calibration curves as well.

On the other hand, H1975 lung adenocarcinoma cells harboring the EGFR L858R and
T790M mutations are resistant to erlotinib, but are sensitive to osimertinib. Accordingly,
there was no significant decrease in tyrosine phosphorylation of our chosen phosphosites
upon erlotinib treatment in these cells. However, relative quantitation showed that
osimertinib treatment significantly reduced tyrosine phosphorylation of EGFR-pY1197 (p-
value = 0.009), STAT5A-pY694 (p-value = 0.02) and CAV1-pY14 (p-value = 0.01),
suggesting that these phosphosites are indeed potential biomarkers of osimertinib sensitivity
in these cells. However, we were only able to confirm the hypophosphorylation of EGFR-
pY 1197 by osimertinib through the calibration curve in these cells. Several of the targets
were beyond the range of the calibration curve in these cells, hence the quantitation itself
was not reliable (Supplementary Fig. 2). It is interesting that abundance of EGFR-pY 998,
although within the range of the calibration curve, did not reduce upon osimertinib treatment
in these cells. EGFR-pY998 may be phosphorylated by tyrosine kinases other than EGFR
and possibly osimertinib may not have an off-target effect on any of these kinases.

To the best of our knowledge, this is the first study that uses a pan-pTyr antibody to enrich
and quantify endogenous phosphotyrosine peptides in an immuno-MRM assay. The
modified immuno-MRM assays presented here represent a general approach to validate a set
of potential phosphotyrosine peptides from a larger set of putative phosphopeptide
biomarkers. One limitation of our study is that the PAR variability among biological
replicates are relatively high for specific phosphopeptides. However, IMAC-based
enrichment of pSer/Thr/Tyr phosphopeptides followed by MRM assays for quantitation also
showed median CVs in the range of 6.5-24.5% for pSer/Thr/Tyr sites [36] and 19.2-29.3%
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for pTyr sites across biological replicates [37] underscoring the fact that more global
approaches to enrichment of phosphopeptides show higher CVs for quantitation. Although
time consuming and relatively expensive, additional method development by carrying out
enrichments through phosphosite-specific antibodies may be needed to decrease this
variability and assay imprecision. One previous study demonstrated the feasibility of
utilizing phosphosite-specific antibodies followed by MRM quantification. The authors
showed median intra-assay and inter-assay variability of 10% and 16% respectively across
process replicates [26].

One possible explanation of higher variability in TKI treated cells is significant and
complete inhibition of downstream phosphorylation thereby producing the chromatographic
peaks below the detection limits. Peaks with low signal to noise ratios may have poor
integration and will therefore show higher variability. Moreover, we observe high biological
variability of endogenous target phosphorylation in the control cells treated with DMSO.
The higher variability of the endogenous phosphopeptide abundances without any TKI
inhibition in the control cells may reflect culture conditions including confluence of cells,
lysis conditions and phosphatase activities, among others.

Previously we have shown significant downregulation of EGFR-pY1197 in lung
adenocarcinoma cells that harbor 1st and 2nd generation EGFR TKI-sensitizing EGFR
mutations upon treatment with either erlotinib or afatinib. More importantly, the degree to
which tyrosine phosphorylation was inhibited at this site was lower in 11-18 lung
adenocarcinoma cells with lesser sensitivity to the these TKIs compared to H3255 cells,
while both cell lines harbored the TKI sensitizing mutant EGFRL858R [21]. Here, we have
further validated EGFR-pY 1197 as a potential biomarker of TKI sensitivity by developing
the pY 1197 quantitative MRM assay. Interestingly, a quantitative phospho-tyrosine MS
analysis combined with a partial least-squares regression (PLSR) analysis showed that
EGFR-pY1197 and INPPL1-pY1135 were among the epidermal growth factor (EGF) and
hepatocyte growth factor (HGF) network-specific markers of invasion in A549 lung
adenocarcinoma cells that harbor the KRAS G12V mutation but wild type EGFR [38]. This
suggests that the assays developed in this study may also be used in predicting the biology of
even wild type EGFR-harboring NSCLC tumors.

STAT5A is constitutively activated downstream of BCR-ABL, JAK2V617F FI T3-ITD or
cKITP816V oncogenes in many hematological malignancies and myeloproliferative diseases
[39]. Activated SRC family kinases (SFKs) in BCR-ABL expressing cells can interact with
STATS5A, inhibit its dimerization, and phosphorylate STAT5A-pY694 leading to cytoplasmic
localization of STAT5A [40]. It has been previously shown that the STAT5A-pY694
phosphorylation was inhibited by ruxolitinib, a JAK1/2 inhibitor in JAK2V617F cells that
resulted in prevention of cell proliferation /n vitro and effective control of myeloproliferation
in vivo [41]. STAT5A-pY 694 is also a downstream target of EGFRVIII mutation in
glioblastoma [42]. Here, we show that STAT5A-pY 694 is inhibited by both erlotinib and
osimertinib in H3255 cells, but only by osimertinib in H1975 cells that are resistant to
erlotinib, further demonstrating that this is indeed a mutant EGFR target and this site can be
a novel biomarker of EGFR TKI response.
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CAV1-pY14 phosphorylation and its specific interaction with extracellular matrix (ECM)
proteins and integrins are required for melanoma cell migration and metastasis. However,
mutated CAV1-Y14F did not affect the tumor suppressor function of CAV1 [43]. Another
study showed the involvement of CAV1-pY14 in reinforcing the activation of ERK or AKT
kinases and thereby leading to increased proliferation, migration, invasiveness and
development of chemo-resistance in rhabdomyosarcoma (RMS). This study also showed that
the reduction of the pY14 levels by Src-kinase inhibitors counteracted the malignant
phenotype of RMS cells [44]. Y14 phosphorylated CAV1 functions as an effector of Rho/
ROCK signaling in the focal adhesion turnover and in turn promotes cancer cell invasion and
migration. A feedback loop was defined between Rho/ROCK, Src, CAV1-pY14 in
metastatic tumor cell protrusions [45]. The crosstalk between Mgat5/galectin lattice and
CAV1-pY14 was implicated in focal adhesions turnover due to the stabilization of focal
adhesion kinases (FAKSs), elucidating the inter-dependent roles of galectin-3 and CAV1-
pY14 in cancer cell migration [46]. In our study, CAV1-pY 14 phosphorylation was
significantly inhibited by osimertinib, but not erlotinib, in H1975 cells, suggesting that
mutant EGFRs directly or indirectly through other tyrosine kinases, such as SFKs, can
phosphorylate CAV1 at Y14, and that the inhibition of this phosphorylation can predict TKI
responsiveness.

We previously showed DAPP1-pY139 as a novel target of the mutant EGFRs. We also
showed the involvement of DAPPL in the survival of mutant EGFR-addicted cells [21].
Here, the DAPP1-pY139 MRM assay reproducibly showed significant inhibition of
phosphorylation by both erlotinib and osimertinib in H3255 cells.

The MRM assays developed in this study to detect and quantify tyrosine phosphorylation of
specific targets allow us to add another dimension to the investigation of specific alterations
in genes promoting tumorigenesis. Upon querying the TCGA provisional database for lung
adenocarcinoma, our results indicate that our target list was found to be altered in 292 (56%)
of the total 520 patients sequenced (Fig. 7A). Interestingly, there was significantly lower
disease-free survival among patients with combined alterations of our set of genes (Logrank
test p-value: 0.0369) (Fig. 7B). Similar analysis on a subset TCGA dataset that is published
[47] showed a better p-value in disease free survival (Logrank test p-value:0.006) (Fig. 8,
[29]). However, with this limited retrospective data, we do not suggest that our list of
phosphosites of mutant EGFR targets constitute a “signature” to predict survival of patients
with lung adenocarcinoma. The MRM assays described in this study can be used to validate
prospectively differential phosphorylation of our list of phosphosites in patients with EGFR
mutant lung adenocarcinoma in the context of clinical trials. These assays can be used to
interrogate phosphorylation levels of these peptide biomarkers in tumor biopsies or surgeries
before EGFR TKI treatment and upon development of resistance to measure the levels of
tyrosine phosphorylation and predict TKI response.

5. Conclusions

MRM-based proteomics is a powerful technique to verify potential biomarkers in complex
samples with great selectivity. These assays routinely employ heavy labelled synthetic
peptides for accurate quantification of the target endogenous peptides. In the present study,
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we performed quantitative MRM using stable isotope labelled synthetic peptides and a
global phosphotyrosine peptide enrichment strategy to characterize dynamic changes of
phosphorylation downstream of mutant EGFRs in lung adenocarcinoma cells harboring
EGFRL858R and EGFRL858R/T790M the TK|-sensitive, and TKI-resistant mutants,
respectively. A list of targets was selected from our previous SILAC-based quantitative mass
spectrometry studies. We further validated these sites as mutant EGFR targets, and the
dynamics of tyrosine phosphorylation at these sites correlated well with TKI sensitivity of
lung adenocarcinoma cells. Lung adenocarcinoma patients with alterations in genes selected
in our study had poorer disease-free survival, as revealed from the TCGA data. We propose
that alteration in tyrosine phosphorylation, as demonstrated by our modified immuno-MRM
assays, will better predict disease prognosis as well as treatment response, and will add a
new dimension to correlation of gene alteration with patient survival.

The MRM proteomics data in this paper have been deposited in the Peptide Atlas [48]
database with a dataset identifier PASS01129.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Optimized chromatographic separation of the target phosphopeptides from method
development stage. A) The final scheduled method showing the elution of the targets with 2-
min retention time windows in DMSO/vehicle treated H1975 cells. B-L) The representative
chromatograms for each target is marked by a black arrow. The red peak represents the
endogenous peptide chromatogram and the blue is the heavy labelled internal standard
spiked-in at a constant amount of 2 fmol in all samples. The grey bars are the predicted
retention times from SSRCalc 3.0. rdotp represents the correlation between the endogenous
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and internal standard chromatograms. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2.
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Chromatographic profile for the endogenous (left) and the heavy labelled internal standards
(right) for H3255 (DMSO/vehicle treated) cells.
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Fig. 3.

Reproducibility of the optimized MRM assays from three independent proteolytic digestions
and immunoprecipitations of DMSO/vehicle treated H1975 cells. A) Retention time
repeatability; the red and blue bars represent endogenous and internal standard peptides,
respectively. The median CV was 0.28% for the endogenous peptides and 0.23% for the
internal standards. B) Peak area ratios as determined by normalizing the signal intensities of
the endogenous to the internal standards. The median CV was 27.47%. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4.

Relative quantitation of phosphopeptides using peak area ratios. A) All the phosphotyrosine

sites were significantly downregulated (p < 0.005) in drug sensitive H3255 cells upon
treatments with erlotinib (Erl) and osimertinib (Osi). B) Phosphotyrosine sites EGFR-
pY1197, STAT5A-pY694 and CAV1-pY14 in the H1975 cells show significant

hypophosphorylation (p < 0.05) with osimertinib, but not with erlotinib treatment (n.s. - not

significant).
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Fig. 5.
Unsupervised hierarchical clustering of the peak area ratios from relative quantitation of
phosphorylation of the targets. Heat map shows the average log, transformed MRM ratios
for erlotinib and osimertinib treatments from three biological replicates in H3255 and H1975

cells.
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Fig. 6.
Bar charts showing the quantitative data of phosphopeptide abundance obtained with and

without TKI treatments from three biological replicates in A) H3255 and B) H1975 cells.
Error bars are + standard deviations.
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A Altered in 292 (56%) of 520 lung adenocarcinoma sequenced cases/patients (TCGA)
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Fig. 7.

cBioPortal query of the TCGA lung adenocarcinoma dataset for alterations in genes of the
list of targets and correlation with disease-free survival. A) Combined alterations of 9 genes
for our assay targets were seen in 292 cases (56%) of lung adenocarcinoma in the TCGA
dataset, and B) patients with alterations in our genes had a statistically significant lower
disease-free survival when compared to cases with no alterations.
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