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We have used unbiased phosphoproteomic approaches, based on
quantitative mass spectrometry using stable isotope labeling with
amino acids in cell culture (SILAC), to identify tyrosine phosphor-
ylated proteins in isogenic human bronchial epithelial cells (HBECs)
and human lung adenocarcinoma cell lines, expressing either of the
two mutant alleles of EGFR (L858R and Del E746-A750), or a mutant
KRAS allele, which are common in human lung adenocarcinomas.
Tyrosine phosphorylation of signaling molecules was greater in
HBECs expressing the mutant EGFRs than in cells expressing WT
EGFR or mutant KRAS. Receptor tyrosine kinases (such as EGFR,
ERBB2, MET, and IGF1R), and Mig-6, an inhibitor of EGFR signaling,
were more phosphorylated in HBECs expressing mutant EGFR than
in cells expressing WT EGFR or mutant RAS. Phosphorylation of
some proteins differed in the two EGFR mutant-expressing cells;
for example, some cell junction proteins (B-catenin, plakoglobin,
and E-cadherin) were more phosphorylated in HBECs expressing
L858R EGFR than in cells expressing Del EGFR. There were also
differences in degree of phosphorylation at individual tyrosine
sites within a protein; for example, a previously uncharacterized
phosphorylation site in the nucleotide-binding loop of the kinase
domains of EGFR (Y727), ERBB2 (Y735), or ERBB4 (Y733), is phos-
phorylated significantly more in HBECs expressing the deletion
mutant than in cells expressing the wild type or L858R EGFR.
Signaling molecules not previously implicated in ERBB signaling,
such as polymerase transcript release factor (PTRF), were also
phosphorylated in cells expressing mutant EGFR. Bayesian network
analysis of these and other datasets revealed that PTRF might be
a potentially important component of the ERBB signaling network.

proteomics | tyrosine phosphorylation

berrant signaling generated by mutant protooncogenes drives

tumorigenesis. The two protooncogenes currently known to be
most commonly mutated in human lung adenocarcinoma are KRAS
and epidermal growth factor receptor (EGFR). Approximately
90% of the lung cancer-specific EGFR mutations are equally
distributed between a Leucine to Arginine substitution at position
858 (L858R) and deletion mutants in exon 19 that affect the
conserved sequence LREA (e.g.delE746-A750) (1-4). Although
the mutations in EGFR correlate with sensitivity of the tumors to
tyrosine kinase inhibitors (TKIs), KRAS mutations are associated
with primary resistance to TKIs (5). Expression of the lung cancer-
specific EGFR mutants leads to carcinogenesis in the lung epithe-
lium of transgenic mice or to transformation in fibroblasts or Ba/F3
cells (6-9). However, aberrant signaling pathways downstream of
oncogenic EGFR and KRAS have been only partially character-
ized, and differences between signaling events downstream of the
two most common EGFR mutants are not known. However,
patients with exon 19 deletions may respond better to TKI therapy

14112-14117 | PNAS | September 16,2008 | vol. 105 | no.37

than those with the L858R mutation (10, 11), underscoring the
importance of elucidating the differences in signaling downstream
of the mutant receptors.

Lung cancer-specific EGFR mutations result in constitutive
activation of EGFR and downstream signaling components, such as
AKT and STATS (8, 9, 12). Global surveys of phosphotyrosine
containing proteins in human lung adenocarcinoma cell lines have
identified hundreds of sites with phosphorylated tyrosine (13, 14).
Phosphorylation at a substantial number of these sites is inhibited
by treatment of gefitinib in the TKI sensitive cell line H3255, which
harbors the L858R mutation (14). However, the adenocarcinoma
cell lines were derived from tumors from different patients and,
hence, have heterogeneous genetic backgrounds, compromising
comparisons among the lines. It is difficult to determine which of
the many observed differences in patterns of phosphorylation is the
consequence of a particular oncogenic mutation.

To circumvent the problems of heterogeneous genetic back-
ground, we have focused our studies of phosphotyrosine-mediated
signaling to isogenic human bronchial epithelial cells (HBECs),
immortalized by h"TERT and CDK4 (15, 16), which stably express
wild type EGFR (WT EGFR), KRAS G12V, L858R EGFR, or Del
E746-A750 EGFR. In this study, we undertook global phospho-
proteomic approaches, involving metabolic labeling of cells, immu-
noprecipitation of proteins or peptides with anti-phosphotyrosine
antibodies, followed by liquid chromatography and tandem mass
spectrometry (LC-MS/MS), to identify and quantify tyrosine phos-
phorylated proteins and proteins strongly associated with them in
cells expressing WT EGFR, either of the two EGFR mutants and
mutant KRAS.

Results

As a preliminary survey of phosphotyrosine-based signaling activity
stimulated by oncogenic alleles of KRAS and EGFR, we used
immunoprecipitation and Western blot analysis with anti-
phosphotyrosine antibodies to compare proteins in isogenic
HBEC:s expressing WT EGFR, KRAS G12V, L858R EGFR, or
DelE746-A750 EGFR, and in several nonisogenic human adeno-
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carcinoma cell lines with KRAS and EGFR mutations [supporting
information (SI) Fig. S1]. The HBECs expressing EGFR mutants
and the adenocarcinoma cells with an EGFR mutation constitu-
tively displayed more tyrosine phosphorylated proteins than did the
other cell lines, and there was minimal further stimulation of
tyrosine phosphorylation upon EGF administration in these cells.
However, AKT and ERK were activated, suggesting that overex-
pression of the mutant receptors did not alter canonical EGFR
signaling in these cells (Fig. S1C).

Differences in Abundance of Proteins in Phosphotyrosine IPs from
Cells Expressing Mutant EGFR and Mutant KRAS. We first identified
and measured the abundance of proteins obtained in phospho-
tyrosine immunoprecipitates (IPs) from lysates of HBECs express-
ing WT EGFR, KRAS G12V, or Del E746-A750 EGFR using mass
spectrometry. The cells were metabolically labeled with “light,”
“medium,” or “heavy” isotope forms of arginine and lysine [stable
isotope labeling with amino acids in cell culture (SILAC)] (see
Materials and Methods) to perform relative quantitation of tyrosine
phosphorylation (Fig. 14). A representative MS spectrum shows
that an ERBB2 peptide is approximately five times more abundant
in IPs from HBEC:s expressing Del EGFR than in IPs from HBECs
expressing WT EGFR or mutant KRAS (Fig. 14). Based on
pairwise comparisons with extracts of HBECs producing WT
EGFR, extracts from cells expressing mutant EGFR and mutant
KRAS were associated with very different profiles of proteins in
phosphotyrosine IPs (Fig. 1B). The abundance of identified pro-
teins from the IPs was very similar using extracts from HBECs
expressing WT EGFR and extracts from cells expressing KRAS
G12V. However, 75 of 175 identified proteins were more abundant
in the phosphotyrosine IPs from HBECs expressing Del EGFR,
than from cells expressing WT EGFR (Table S1 and Fig. S2). The
complete list of proteins and tryptic peptides identified in the
phosphotyrosine immunoprecipitates of intact proteins is shown in
Table S2 and Table S3.

In similar experiments using two lung adenocarcinoma cell lines,
H1650 and H2030, that harbor DelE746-A750 EGFR and KRAS
G12C mutations, respectively (Fig. 1C), 47 proteins were more
abundant in the phosphotyrosine IPs from H1650 than from H2030
cells. Surprisingly, 53 proteins were less abundant in phosphoty-
rosine IPs from H1650 cells than in IPs from H2030 cells (Table S1
and Fig. S2). Some of the proteins that were less abundant in the
IPs may be expressed at lower levels in H1650 than in H2030 cells,
as shown for the p66 isoform of SHC and the RAS inhibitor 1
(RINT1) (Fig. S3). These observations reflect a significant limitation
of comparisons of phosphoproteomic data generated with noniso-
genic cell lines. For this reason, most of our experiments were
conducted with isogenic HBECs expressing oncogenic alleles of
EGFR and KRAS.

Differences in Tyrosine Phosphorylation of Proteins in HBECs Express-
ing Del EGFR or L858R EGFR. Differences in the pathophysiological
effects of the two common EGFR mutants in lung adenocarcinoma
might be attributed in part to differential use of targets for
phosphorylation. We therefore sought to determine the differences
in the amounts or sites of protein-tyrosine phosphorylation in
HBEC:s expressing L858R or Del EGFR. The MS spectrum of a
representative EGFR-peptide (Fig. 24) shows that this peptide was
at least 10-fold more abundant in the phosphotyrosine IPs from
lysates of HBECsS, expressing either of the EGFR mutants than in
material from HBECs expressing WT EGFR. We obtained quan-
titative data on 245 proteins from phosphotyrosine IP of proteins
from the lysates of HBECs expressing WT EGFR, L858R, or Del
EGFR (Table S1, Table S2, and Table S4). Of these, only nine were
at least 1.5 times more abundant in the phosphotyrosine IPs from
HBECs expressing Del EGFR than in IPs from cells expressing
L858R EGFR. Eight of these were at least 1.5 times more abundant
in IPs from HBEC: expressing L858R EGFR than in IPs from cells
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Fig. 1. Increased tyrosine phosphorylation of proteins in HBECs or adeno-
carcinoma cells expressing mutant EGFR compared with cells expressing mu-
tant KRAS. Schematic of experimental design and representative MS spectra
of a peptide of ERBB2 (A) and a peptide of EGFR (C) identified in the phos-
photyrosine immunoprecipitates of proteins from lysates of HBECs and ade-
nocarcinoma cell lines, respectively. (B) The degree of tyrosine phosphoryla-
tion of proteins in mutant RAS expressing cells does not correlate with that in
mutant EGFR-expressing cells as demonstrated in the log-log plot of the two
ratios obtained in this experiment (Del EGFR/WT EGFR and Mut RAS/WT EGFR).
Log 10 transformation of SILAC ratios for individual proteins and linear
regression analysis yields a coefficient of determination (r2) of 0.20, and a
Pearson product-moment correlation (r) of 0.45.

expressing Del EGFR (Table S1 and Fig. S2). Interestingly, junc-
tional proteins such as B-catenin, plakoglobin, and E-cadherin were
more abundant in the phosphotyrosine IPs from L858R-expressing
HBECs than in those from Del EGFR-expressing HBECs. The
similar abundance of proteins in phosphotyrosine IPs from lysates
of HBECs expressing L858R and from those expressing Del EGFR
is reflected in the high correlation coefficients of ratios of protein
abundance in phosphotyrosine IPs from lysates of these cells
compared with those with cells expressing WT EGFR (Fig. 2B).
Proteins containing SH2 and PTB domains recognize phospho-
tyrosines in specific sequence contexts. As a result, the extent of
phosphorylation of different tyrosines, in the same protein, may
have implications for protein interactions and effects on cell
signaling. To quantify the extent of phosphorylation in individual
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tyrosine-containing peptides in cells expressing WT EGFR, L858R
EGFR, or Del EGFR, we immunoprecipitated tyrosine phosphor-
ylated peptides, after digestion of mixed lysates with trypsin in
solution, followed by LC MS/MS (Fig. 2C). A representative
peptide of polymerase transcript release factor (PTRF) containing
tyrosine Y156 is more abundant in phosphotyrosine IPs from
HBEC: expressing either of the two EGFR mutants, than in the IPs
from HBECs expressing WT EGFR. The MS/MS spectrum of
fragments from the same peptide shows that Y156 is the phosphor-
ylated residue (Fig. 2C). We identified and quantified phosphory-
lation at 47 tyrosine residues from 38 different proteins (Table S6).
Four known tyrosine autophosphorylation sites in the C-terminal
domain of EGFR were more heavily phosphorylated in HBECs
expressing L858R or Del EGFR than in HBECs expressing WT
EGFR. However, a fifth site, Y727, in the nucleotide-binding loop
of the kinase domain, was highly phosphorylated in the Del
EGFR-expressing cells, minimal in L858R EGFR-expressing
HBEC:s, but showed no phosphorylation in WT EGFR-expressing
cells (Fig. 3). An identical tryptic peptide is predicted to be present
in ERBB2 and ERBB4, but EGFR is overexpressed in the HBEC
lines; thus, it is likely that the phosphorylated tryptic peptide is
exclusively from EGFR (Fig. S4).

We also identified proteins involved in receptor recycling, such as
Caveolin 1, Rab7, and Rab8, which were more phosphorylated in
cells expressing mutant EGFRs than cells expressing WT EGFR or
mutant KRAS (Table S2). In addition, tyrosine phosphorylation of
MIGS6, a protein involved in inhibition of ERBB signaling, was
greater in cells expressing mutant EGFRs than in those expressing
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WT EGFR or mutant KRAS. Phosphorylation of Mig-6 at Y394
was greater in HBECs expressing Del EGFR than in HBECs
expressing L§58R EGFR (Table S2 and Table S6). However, Mig-6
interacted both with wild type and mutant EGFRs, as measured by
co-IP (Fig. S5).

Validation of Mass Spectrometry-Based “Phosphorylation Ratios” by
IP-Western Blot Experiments. We have validated the tyrosine phos-
phorylation of a number of proteins by immunoprecipitation from
the lysates of the isogenic HBECs (Fig. 4) and a panel of lung
adenocarcinoma cell lines (Fig. S6) with protein-specific antibodies,
followed by Western blot analysis with an anti-phosphotyrosine
antibody. As expected, EGFR, ERBB2, MET, B-catenin, and
Mig-6 were all more heavily phosphorylated on tyrosine in HBECs
expressing mutant EGFR than in cells expressing mutant RAS or
WT EGFR (Fig. 4). Another signaling molecule that was highly
tyrosine-phosphorylated, FAK, was present at similar levels and
tyrosine-phosphorylated to similar degrees in HBECs expressing
mutant RAS or WT EGFR, and in adenocarcinoma cell lines,
confirming the ratios of relative abundance derived from the mass
spectrometry results.

Functional Classification of Identified Proteins by DAVID. The com-
plete list of proteins that we identified in the experiments with
phosphotyrosine IPs of proteins is summarized in Table S2. A
partial list of those proteins known and not known to be involved
in EGFR signaling is summarized in Table 1. To group the proteins
identified in phosphotyrosine IPs into functional classes, we per-
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Fig.3. Differential extent of phosphorylation at individual tyrosine sites in EGFR between the two mutant EGFR-expressing HBECs and cells expressing WT EGFR. (A)
Ratio of abundance of peptides containing each of the indicated phosphorylated tyrosine residues in L858R or Del EGFR compared with WT EGFR. Note that the tryptic
peptide containing Y727 of EGFR is also present in ERBB2 (Y735) and ERBB4 (Y733). Mean and STDV are shown from three independent peptide-level phosphotyrosine
IPs and three separate mass spectrometry analyses. (B) MS and MS/MS spectra of the tryptic peptide containing Y727 of EGFR show that Y727 is phosphorylated in
Del-EGFR but not in WT EGFR and minimally in L858R EGFR. The locations of possible peaks of this peptide from WTEGFR and L858R are shown in the MS spectrum.

formed functional annotation using DAVID, the Database for
Annotation, Visualization and Integrated Discovery (17), and then
filtered, named and ranked the resulting clusters (see SI Methods for
details). Overall, 26 clusters contained one or more significant
overlaps with Gene Ontology (GO) biological process categories,
and 14 of these clusters were considered significant after correction
based on the method of Benjamini and Hochberg (18) (Fig. S7).
Notably, 17 proteins identified in at least one of the large-scale
experiments were in receptor tyrosine kinase (RTK) signaling
pathways. Seven of these, EGFR, ERBB2, SRC, SHC, BCAR]I,
PXN, and EPHA?2, were more abundant in phosphotyrosine IPs
from cells expressing mutant EGFR compared with those from
cells expressing WT EGFR or mutant KRAS.
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Fig. 4. Validation of mass spectrometry-based quantitation by immunopre-
cipitation and Western blots of representative proteins. Immunoprecipitation
was done with antibodies to the indicated proteins from lysates of HBECs, and
Western blots done with anti-phosphotyrosine and protein-specific antibodies.
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Bayesian Network Modeling of ERBB Signaling-Related Mass Spec-
trometry Datasets. We compared our datasets with eight other
published proteomic studies on ERBB signaling pathways to gain a
better understanding of tyrosine phosphorylation signaling net-
works (14, 19-25). Each study contained one or more experiments
performed under different conditions to study an EGFR-related
signaling network. The phosphorylation ratio obtained from each
of these experiments was considered as an observation. This
resulted in 24 total observations of EGFR-related signaling net-

Table 1. Representative list of proteins identified, and the ratio
of their relative abundance in phosphotyrosine
immunoprecipitates in the three “large-scale”
phosphoproteomic studies

HBEC Experiment

HBEC Experiment #1 #2 H1650
(DelEGFR)
Protein DelEGFR KRASG12V  DelEGFR L858R /H2030
name /WTEGFR  /WTEGFR  /WTEGFR /WTEGR (KRASG12Q)
Proteins implicated in EGFR signaling pathway
EGFR 5.2 0.6 10.4 9.6 3.8
ERBB2 3.5 1.0 35 3.9
MET 3.2 34 2.3 1.7 —_
SRC 1.8 0.6 — — —
SHC1 2.2 0.9 1.8 1.9 0.7
BCAR1 1.4 0.6 1.2 1.3 1.5
PXN 1.5 0.8 1.4 1.2 1.6
PIK3R1 1.4 1.5 — — 1.1
GRB2 1.0 1.1 1.2 0.6 0.6
CTNND1 1.9 1.0 3.1 2.4 8.2
CTNNB1 2.3 0.7 1.9 33 7.2
CAV1 6.8 1.1 5 5.2 4.5
CAV2 — — 6.8 7.2 35
ERRFI1 8.0 0.9 — — —
Proteins not previously implicated in EGFR signaling pathway
IGF1R 1.5 1.0 0.9 1.3 —
CTNNA1 1.5 0.8 —_ — 5.7
CDH1 1.8 1.1 1.9 4.8 15.6
JUP 2.5 0.8 2.0 4.4 5.1
RAB7A 11.2 0.9 7.2 2.2 1.9
PRKCDBP 4.7 0.7 3.5 4.1
SLC25A5 2.5 0.7 3.2 1.7 0.3
BICD2 8.5 0.9 6.7 4.4 —_
PTRF 5.3 0.8 4.9 5.4 —
EMD 4.4 1.4 1.6 2.5 —_
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Fig. 5. Bayesian network modeling of phosphorylation data from the
current study and eight other published ERBB signaling related tyrosine
phosphorylation data. (A) The heatmap of the 18 proteins with the approxi-
mations for the missing data generated by the ““nearest neighbor method"
using a discrete distance measure. (B) The top scoring Bayesian network
generated from the above phosphorylation data. The nodes are obtained
from the phosphorylation ratios from the datasets. The edges represent direct
and indirect causal influence. The arrows indicate the direction of causality.
Nodes connected by black edges have the same phosphorylation level more
often than not, indicating a positive influence. EGFR and ERBB2, were forced
source nodes in the network; they were only allowed outgoing edges except
between each other. Nodes were restricted to have no more than three
parents. Yellow nodes are kinases and blue nodes phosphatases.

works for our analysis. We developed a “heat map” that reflects the
phosphorylation status of 50 proteins that were identified in at least
half of these 24 experiments (Fig. S84). Bayesian network (BN)
structure learning was used as a machine learning method to
propose a network of interactions that are responsible for the
tyrosine phosphorylation of 18 proteins identified in at least 70%
or more of the studies (Fig. S8B) after estimation of missing data
by a “nearest neighbors” algorithm (Fig. 54). The highest scoring
network generated from this data showed known features of EGFR
and ERBB?2 signaling, such as EGFR phosphorylation having a
positive influence on phosphorylation of ERBB2 and PLCG1. The
network also included PTRF as an integral member of the ERBB
signaling (Fig. 5B), and we confirmed that EGFR interacts with
PTREF by IP Western experiments (Fig. S5).
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Discussion

We used mass spectrometry to identify proteins in phosphotyrosine
IPs from whole cell extracts, an approach that has been used
extensively to probe the dynamics of tyrosine phosphorylation and
tyrosine phosphorylation-dependent interaction after growth fac-
tor stimulation (19, 26). In addition, we enriched tyrosine phos-
phorylated peptides by immunoprecipitation to quantify differ-
ences in degree of tyrosine phosphorylation, at specific sites, within
a protein.

Our survey of tyrosine phosphorylated proteins showed that
either of the common forms of oncogenic EGFR causes increased
tyrosine phosphorylation of numerous signaling molecules, either
directly or indirectly, compared with WT EGFR or mutant KRAS.
In addition, some proteins enriched in antiphosphotyrosine immu-
noprecipitates may not themselves be phosphorylated, but may be
more likely to associate with proteins that are more efficiently
tyrosine phosphorylated in cells expressing mutant EGFR than in
cells expressing WT EGFR or mutant KRAS.

In some systems, activated RAS proteins appear to augment
RTK signaling, for example, by increasing the production of EGFR
ligands, such as TGFa (27). We did not find evidence for this in
HBECs expressing oncogenic KRAS. However, 52 proteins were
more abundant in phosphotyrosine IPs from the adenocarcinoma
cell line H2030 (harboring mutant KRAS), than in the cell line
H1650 (with mutant EGFR). We contend that the likely explana-
tion for these unexpected findings is the difference in concentra-
tions of such proteins in the two adenocarcinoma cell lines, as
exemplified by the lower levels of RIN1 or the p66 isoform of SHC
in the H1650 cell line. These findings underscore the importance of
studying differences in the status of signaling proteins by using
isogenic cells (such as the HBEC lines) that express different
oncogenes or by comparing a single cell line under different
conditions (e.g., with and without growth factors or in the presence
and absence of inhibitors).

We identified 13 proteins that were hyperphosphorylated in
HBEC:s expressing mutant EGFR and in the adenocarcinoma cell
line H1650. Among these were RTKSs, such as EGFR, ERBB2, and
MET, suggesting a role for lateral signaling or cross talk between
various RTKs, with subsequent signaling through multiple recep-
tors. In support of this possibility, multiple RTKs have been shown
to be active in glioblastoma cell lines, and combinations of RTK
inhibitors can reduce cell survival and downstream signaling in
these cells (28). MET has been shown to interact with EGFR (14),
and combination therapy with EGFR and MET inhibitors is better
than EGFR inhibitors alone in glioblastoma cells expressing the
oncogenic EGFR-VIII mutant (21).

Cell junction proteins that have been implicated in ERBB
signaling, such as B-catenin, E-cadherin, §-catenin, and junctional
plakoglobin, were also more abundant in phosphotyrosine IPs from
cells expressing mutant EGFR. Others have reported that B-cate-
nin-ERBB complexes are present in breast tumors in MMTV-Wntl
and MMTV-neu transgenic mice, and in infiltrating ductal breast
carcinomas in women (29). Recently, AKT-mediated phosphory-
lation of B-catenin downstream of EGFR signaling has been linked
to increased transcriptional activity of B-catenin and tumor cell
invasion (30), suggesting that increased tyrosine phosphorylation of
B-catenin and E-cadherin may be important in transducing signals
from the oncogenic EGFRs.

We also identified proteins that were hyperphosphorylated in
mutant EGFR-expressing cell lines, but not previously implicated
in EGFR signaling (see Table 1). One such protein, PTRF,
co-localizes with caveolin 1 in caveolae in adipocytes and has been
implicated in the formation of caveolae (31, 32, 39). Bayesian
network modeling of proteins, based on their degree of tyrosine
phosphorylation in various ERBB signaling and mass spectrome-
try-based studies, including ours, reveals that PTRF may be an
integral member of ERBB signaling network (Fig. 5B).
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The overall level of tyrosine phosphorylation in EGFR or
ERBB?2 was similar in HBECs expressing L§58R EGFR and Del
EGFR. However, there were interesting differences at individual
sites of phosphorylation within EGFR. The most significant of
these sites was Y727 of EGFR, the site corresponding to Y735 of
ERBB?2 or Y733 of ERBB4. This site was phosphorylated in the
Del-EGFR-expressing cells but not in L858R or WT EGFR-
expressing HBEC cells. Although this site was found to be phos-
phorylated in adenocarcinoma cell lines that harbor the L858R
mutation (H3255) and a line that carries the Del EGFR allele
(HCC827) (14), the degree of phosphorylation at this site was not
compared between the cell lines expressing the two EGFR mutants.
Ward et al. have shown that a synthetic peptide of EGFR, phos-
phorylated at Y727, binds to purified SHC SH2 domain in vitro (33).
In addition, phosphorylated peptides containing Y727 of EGFR,
Y735 of ERBB2, or Y733 of ERBB4 have been shown to bind SHC
in lysates of HeLa cells (34). We speculate that phosphorylation at
the above site in EGFR, ERBB2, or ERBB4 occurs in a specific
signaling context, and phosphorylation may recruit certain signaling
molecules having SH2 domains. Phosphorylation at this site may
also alter the structure of the catalytic site in the ERBBs to affect
kinase activity.

A few proteins involved in ERBB receptor recycling, such as
Caveolins, Rab7, Rab§, and the protein Mig-6, a known inhibitor of
ERBB signaling had increased phosphorylation in cells expressing
either of the mutant EGFRs. Mig-6 has been shown to act as a
tumor suppressor, and germ-line disruption of Mig-6 results in
adenoma or adenocarcinomas in the lung (35). The crystal structure
of a fragment of Mig-6 and the EGFR kinase domain has shown
that Mig-6 inhibits the formation of an activating dimer interface in
EGFR. The C-terminal fragment of Mig-6 containing the Y394 site
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increases the potency of inhibition of the L858R EGFR kinase
activity in solution (36). From these studies, we speculate that Y394
of Mig-6 is a direct substrate of EGFR. The significance of
increased phosphorylation at this site by the mutant EGFRs
remains to be determined.

Materials and Methods

Cell Culture. HBECs were cultured as described before (16). SILAC methods were
used as described in ref. 37. See SI Methods for details.

Mass Spectrometry. Details of sample preparation and mass spectrometry can be
found in S/ Methods. Peptide samples were analyzed using nanoscale reversed
phase liquid chromatography on a QSTAR Pulsar (Applied Biosystems). LC-MS/MS
data were acquired using AnalystQS 1.1 (MDS Sciex) and were searched using
Mascot v2.2.0 (Matrixscience). Relative quantitation of the abundance of pep-
tides in phosphotyrosine IPs was performed using MSQuant (http://msquant.
sourceforge.net) along with manual verification of all peptides quantified.

Bayesian Network Analysis. We used the general method of data discretization
and network modeling as outlined in ref. 20. Data from our study and the eight
published ERBB signaling-related phosphoproteomic studies were used for net-
work modeling (14, 19-25). Bayesian networks (BN) were generated using the BN
structure learning software Banjo 2.0.0 with asimulated annealing edge searcher
that considered one billion potential networks (38). (see SI Methods for details).
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