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Abstract
The four members of the epidermal growth factor receptor (EGFR/ERBB) family form

homo- and heterodimers which mediate ligand-specific regulation of many key cellular pro-

cesses in normal and cancer tissues. While signaling through the EGFR has been exten-

sively studied on the molecular level, signal transduction through ERBB3/ERBB4

heterodimers is less well understood. Here, we generated isogenic mouse Ba/F3 cells that

express full-length and functional membrane-integrated ERBB3 and ERBB4 or ERBB4

alone, to serve as a defined cellular model for biological and phosphoproteomics analysis of

ERBB3/ERBB4 signaling. ERBB3 co-expression significantly enhanced Ba/F3 cell prolifer-

ation upon neuregulin-1 (NRG1) treatment. For comprehensive signaling studies we per-

formed quantitative mass spectrometry (MS) experiments to compare the basal ERBB3/

ERBB4 cell phosphoproteome to NRG1 treatment of ERBB3/ERBB4 and ERBB4 cells. We

employed a workflow comprising differential isotope labeling with mTRAQ reagents fol-

lowed by chromatographic peptide separation and final phosphopeptide enrichment prior to

MS analysis. Overall, we identified 9686 phosphorylation sites which could be confidently

localized to specific residues. Statistical analysis of three replicate experiments revealed

492 phosphorylation sites which were significantly changed in NRG1-treated ERBB3/

ERBB4 cells. Bioinformatics data analysis recapitulated regulation of mitogen-activated

protein kinase and Akt pathways, but also indicated signaling links to cytoskeletal functions

and nuclear biology. Comparative assessment of NRG1-stimulated ERBB4 Ba/F3 cells

revealed that ERBB3 did not trigger defined signaling pathways but more broadly enhanced

phosphoproteome regulation in cells expressing both receptors. In conclusion, our data pro-

vide the first global picture of ERBB3/ERBB4 signaling and provide numerous potential

starting points for further mechanistic studies.
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Introduction
The HER family of receptor tyrosine kinases (RTKs), also known as ERBB receptors or epider-
mal growth factor receptor (EGFR) family, consists of the four members EGFR/ERBB1,
ERBB2, ERBB3 and ERBB4, also referred to as HER1, HER2, HER3 and HER4 for the human
orthologs. All members have an extracellular ligand-binding region, a single membrane-span-
ning region and an intracellular tyrosine kinase domain [1, 2]. The ERBB receptors are acti-
vated by multiple ligands including EGF, transforming growth factor alpha and neuregulins,
leading to heterodimerization or homodimerization of the receptors [3].

Although all four ERBB receptors share a similar domain organization, functional and
structural studies have shown that ERBB2 does not bind to any of the known ERBB family
ligands and that ERBB3, although capable of ligand binding, heterodimerization and signaling,
has an impaired kinase domain. Therefore, ERBB3 was considered as a pseudokinase for a long
time before some residual catalytic activity could be demonstrated in cells and in vitro [4–7].

EGFR mutations and ERBB2 overexpression are well known mechanisms that lead to con-
stitutive activation of ERBB signaling pathways in lung and breast carcinoma [1, 8]. Moreover,
ERBB3 mutations driving ligand-independent proliferation were found with a prevalence of
11% in colon and gastric cancers [9]. Despite the fact that ERBB3 seems to have very little
kinase activity, ERBB3 has emerged as an important new therapeutic target in cancer. ERBB3
plays a part in both ligand-independent and ligand-dependent oncogenic signaling. In breast
cancer cell lines that overexpress ERBB2, increased levels of ERBB3 drive continued oncogenic
signaling and, therefore, resistance to the ERBB2 inhibitory activity of the kinase inhibitors
gefitinib and erlotinib [10]. Moreover, acquired resistance to the monoclonal antibody cetuxi-
mab, which targets the EGFR, might partially result from ERBB3-dependent signaling and acti-
vation of the phosphatidylinositol 3-kinase (PI3K)–Akt pathway [11]. Likewise, the activation
of an early feedback survival loop involving ERBB3 has been recently reported to occur in mel-
anoma cells after treatment with RAF/MEK inhibitors [12].

ERBB4 not only acts as a membrane receptor, but is also proteolytically processed resulting
in the release of its 80 kDa intracellular part that can function as a transcriptional regulator
[13]. In malignant melanoma, activating mutations in ERBB4 have been identified in 19% of
melanoma patients [14]. Moreover, ERBB4 mRNA levels were associated with short progres-
sion-free survival, qualifying it as a potential target for pharmacological intervention [15].
While ERBB4 was reported to promote differentiation or apoptosis in various studies on breast
cancer cells [16–18], other studies implicated ERBB4 as a positive regulator of breast cancer
growth and potential mediator of trastuzumab resistance [19–21]. Thus, it appears that ERBB4
can mediate antagonistic functions in human cancer depending on the presence of different
ERBB4 isoforms and the biological context [22].

Delineation of EGFR family member-specific roles in cell signalling is hampered by combi-
natorial possibilities of homo- and heterodimerization as well as ligand promiscuity [2]. For
example, neuregulin-1 (NRG1, also known as heregulin-α) is a direct ligand for ERBB3 and
ERBB4 that can also act on heterodimeric complexes of these RTKs with EGFR or HER2. To
explore the specific roles of ERBB3 and ERBB4, we used murine Ba/F3 cells to reconstitute
ERBB3 and ERBB4-mediated signal transduction in a cellular environment lacking endoge-
nous RTKs from the EGFR family. By using a quantitative mass spectrometry (MS) approach
we investigated the phosphoproteome regulation mediated by NRG1 treatment in cells
expressing both ERBB3 and ERBB4 or ERBB4 alone, to systematically analyze and compare
signal transduction processes mediated through these receptor tyrosine kinases.
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Materials and Methods

Generation of ERBB3 and/or ERBB4 expressing cell lines
Retroviral expression constructs containing the wild type ERBB3 and ERBB4 open reading
frames were generated using ORFs synthesized by GenScript USA Inc. that were cloned into
the MSCV-neomycin or MSCV-puromycin vectors (Clontech). The ERBB4 variant CYT-1 was
used in all the experiments described.

293T cells were cultured in DMEMmedium with 10% fetal calf serum (FCS). Virus produc-
tion and retroviral transduction were performed as previously described [23].

The mouse pro-B cell line Ba/F3 was purchased from DSMZ and cultured in RPMI-1640
medium supplemented with 10% FCS and IL3 (10 ng/mL, Peprotech).

Ba/F3 cells expressing ERBB3 were generated by retroviral transduction and subsequent
neomycin (50 μg/mL, Sigma-Aldrich) selection followed by a second round of retroviral
transduction using MSCV-puromycin empty construct and subsequent puromycin selection
(25 μg/mL, Sigma-Aldrich). Ba/F3 cells expressing ERBB4 were generated by retroviral trans-
duction and subsequent puromycin selection. Afterwards, a second round of retroviral trans-
duction was performed on the cells expressing ERBB4 with either the MSCV-neomycin ERBB3
or MSCV-neomycin empty constructs and subsequent neomycin selection.

Western blotting
For Western blot analysis, 5 x 106 Ba/F3 cells were washed three times in PBS, left 60 minutes
with only RPMI-1640 medium supplemented with 10% FCS and then incubated with
100 ng/mL NRG1 (Peprotech) for 30 minutes. Total cell lysates were obtained by lyzing cells in
cold lysis buffer (Cell Signaling Technology) supplemented with complete protease inhibitor
tablets (Roche). Thirty microgram of protein lysate was combined with SDS loading buffer
plus DTT (Cell Signaling Technology) before electrophoresis on 4–12% NUPAGE gels (Invi-
trogen) and the proteins were transferred to nitrocellulose membranes. Antibodies used were
as follows: anti-ERBB3 (sc-285; Santa Cruz Biotechnology), anti-phospho-ERBB3 (AF5817;
R&D Systems) anti-ERBB4 (#4795; Cell Signaling Technology), anti-phospho-ERBB4 (#4757;
Cell Signaling Technology), anti-Akt (#9272; Cell Signaling Technology), anti-phospho-Akt
(#4060S; Cell Signaling Technology), anti-MEK (#9126; Cell Signaling Technology), anti-phos-
pho-MEK (#9154; Cell Signaling Technology) and anti-rabbit peroxidase-labeled antibodies
(AP Biotech, Uppsala, Sweden). The LAS-3000 Imaging System (Fujifilm Global) was used for
detection.

Cell proliferation and flow cytometry assays
For the measurement of cell growth or dose-response curves, Ba/F3 cells were plated in 96-well
plates (1 x 105 cells/mL) with the cell dispenser Fluid Xrd-384 (FluidX, Cheshire, UK). Each
sample was set up in triplicate.

To assay the effect of stimulation with the ligand NRG1, stable Ba/F3 cell lines were washed
three times in PBS and cultured in regular medium supplemented with different concentra-
tions of NRG1. The number of viable cells was counted with a guava easyCyteTM flow cytome-
ter (Millipore) at different time points.

To measure ERBB3 cell surface expression, Ba/F3 cells expressing ERBB3 and ERBB4 and,
as a control, cells expressing ERBB4 alone were analyzed on a FACSCanto flow cytometer (BD
Biosciences) with an ERBB3 antibody conjugated to phycoerythrin (FAB3481P, R&D Systems).
Data were analyzed with the FlowJo software (Tree Star).
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Sample preparation for mass spectrometry analysis
Prior to stimulation, Ba/F3 cells were washed twice with medium without IL3 and seeded at
1 x 105 cells/mL in fresh medium without IL3. 1 h later, cells were treated with either 100 ng/mL
NRG1 in PBS or vehicle control for 30 min. Cells were then put on ice, harvested by centrifuga-
tion, washed twice with PBS and lysed in ice-cold lysis buffer (8 M urea, 50 mMTris-HCl pH
8.2, 75 mMNaCl, 5 mM EDTA, 5 mM EGTA, 10 mM sodium pyrophosphate, 10 mM glycerol
phosphate, 10 mM sodium fluoride, 2.5 mM sodium orthovanadate, protease inhibitor cocktail
Complete Mini (Roche), phosphatase inhibitor cocktails 2 and 3 (Sigma)). Cell extracts were son-
icated three times for 1 minute on ice and cleared by centrifugation. Protein concentrations were
determined (Bradford assay, Biorad).

For each treatment sample 2 mg of total lysate protein were reduced with 10 mM dithio-
threitol for 30 min then alkylated in the presence of 55 mM iodoacetamide for 30 min in the
dark [24]. Endoproteinase Lys-C (Wako) was added at an enzyme-to-substrate ratio of 1:200
and incubated for 4 h at room temperature. Samples were thereafter diluted 1:4 with 20 mM
Tris-HCl pH 8.2 before adding trypsin (Promega) at an enzyme-to-substrate ratio of 1:200 fol-
lowed by overnight incubation. The resulting peptide mixtures were acidified by the addition
of TFA to a final concentration of 0.5% and subsequently desalted using C18 Sep-Pak columns
(50 mg sorbent weight, Waters). Peptides were eluted with 50% acetonitrile (ACN), 0.5% acetic
acid, snap-frozen in liquid nitrogen and lyophilized. All samples were then chemically labeled
with the respective mTRAQ isotopic variants (ABSciex) as previously described [24, 25]. Equal
amounts of differentially mTRAQ-labeled peptides were then combined, frozen in liquid nitro-
gen, lyophilized and desalted via C18 Sep-Pak columns (500 mg sorbent weight, Waters). Pep-
tide samples peptides were fractionated by high pH reversed phase chromatography as
described by Wang et al [26]. Briefly, peptides were reconstituted in 20 mM ammonium for-
mate (pH 10, buffer A), loaded onto an XBridge C18, 250 × 4.6 mm analytical column (Waters)
operated with the ÄKTA Purifier system (GE Healthcare), and separated by applying a seg-
mented gradient increasing the ACN concentration from 7% to 30% buffer B (buffer A with
80% ACN) over 15 min followed by a 5 min gradient to 55%. Collected peptide fractions were
then combined in a non-linear way as described to generate 12 samples with similar peptide
amounts [26]. Peptide samples were frozen in liquid nitrogen, lyophilized, reconstituted in
0.1% TFA and desalted using C18 Sep-Pak columns. Enrichment of phosphopeptides was per-
formed according to a protocol by Mertins et al. [27]. Briefly, peptides of each fraction were
reconstituted in immobilized metal affinity chromatography (IMAC) loading buffer (80%
ACN containing 0.1% TFA) to reach a final concentration of approximately 0.5 mg/ml. To
generate the IMAC resin Nickel ions of a Ni-NTA Superflow agarose beads (Qiagen) were
removed by incubation with 100 mM EDTA and subsequently replaced by Fe3+ ions. The resin
was then washed with H2O and reconstituted in a 1:1:1 mix of ACN, methanol and 0.01% ace-
tic acid. To each sample 10 μl of equilibrated IMAC resin was added and incubated for 30 min
at 25°C and 1,400 rpm in a thermomixer (Eppendorf). This slurry was then loaded onto in-
house build C18 StageTip columns [3]. Subsequently beads were washed with IMAC loading
buffer and 0.1% formic acid. Phosphopeptides were eluted onto the C18 material by washing
twice with a 500 mM K2HPO4 solution. The C18-bound phosphopeptides were washed with
0.1% formic acid, eluted with 50% ACN, 0.1% formic acid, concentrated in a VacufugeTM

(Eppendorf) and reconstituted in 0.1% formic acid before liquid chromatography (LC)-MS
analysis.
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Mass spectrometry analysis
All LC-MS analyses were performed on an LTQ Orbitrap Velos (Thermo Fisher Scientific).
The samples were loaded by an Easy nano LC II system (Thermo Fisher Scientific) on a 20 cm
fused silica column (New Objective) packed in-house with reversed phase material (Reprosil-
Pur C18-AQ, 3 μm, Dr. Maisch GmbH) at a maximum pressure of 275 bar. The bound peptides
were eluted by a gradient from 10% to 60% of solvent B (80% ACN, 5% DMSO, 0.5% acetic
acid) at a flow rate of 200 nl/min and sprayed directly into the mass spectrometer by applying a
spray voltage of 2.2 kV using a nanoelectrospray ion source (ProxeonBiosystems). The mass
spectrometer was operated in the data dependent mode to automatically switch between MS
and MS/MS acquisition. To improve mass accuracy in the MS mode, the lock-mass option was
enabled as described [28]. Full scans were acquired in the orbitrap mass analyzer at a resolution
R = 60,000 and a target value of 1,000,000 ions. The fifteen most intense ions detected in the
MS scan were selected for collision induced dissociation in the LTQ at a target value of 5000
ion counts. The resulting fragmentation spectra were also recorded in the linear ion trap. To
improve complete dissociation of phosphopeptides, the multi-stage activation option was
enabled for all MS analyses of phosphopeptide-enriched samples by applying additional disso-
ciation energy on potential neutral loss fragments (precursor ion minus 98, 49 and 32.7 m/z)
[29]. Ions that were once selected for data-dependent acquisition were dynamically excluded
for 90 sec for further fragmentation. General used mass spectrometric settings were: no sheath
and auxiliary gas flow; heated capillary temperature, 240°C; normalized collision energy, 35%
and an activation q = 0.25.

Data processing
All raw files acquired in this study were collectively processed with the MaxQuant software
suite (version 1.4.3.2) for peptide and protein identification and quantification using a murine
Uniprot database (version 01 2014) including human ERBB3 and ERBB4 [30]. Carbamido-
methylation of cysteine was set as a fixed modification and oxidation of methionine, N-termi-
nal acetylation and phosphorylation on serine, threonine and tyrosine were allowed as variable
modifications. Moreover, mTRAQ Δ0, Δ4 and Δ8 were set as modifications. The minimum
required peptide length was seven amino acids and up to two missed cleavages and three
labeled amino acids were allowed. A false discovery rate (FDR) of 0.01 was selected for both
protein and peptide identifications. The match between runs option for a time window of 0.5
min was enabled for corresponding fractions in replicate experiments. All MS raw data and
MaxQuant output files have been uploaded to the ProteomeXchange consortium and are avail-
able through the PRIDE partner repository using the data set identifier PXD002556 [31].

Statistical analysis and bioinformatics
The resulting list of phosphorylation sites exported from the MaxQuant software was filtered
for class I phosphorylation sites, which could be confidently localized with a localization proba-
bility of at least 75% [32]. Furthermore, only phosphorylation sites that were quantified in at
least two out of three replicates were used for statistical analysis. Ratios were log10-transformed
and significantly regulated sites were identified with the previously introduced Global Mean
Rank test using an estimated FDR of 5% [33].

Enrichment analyses for regulated phosphoproteins in KEGG pathways were performed
with FatiScan [34]. For this purpose, phosphorylation sites were sorted according to their q val-
ues and the algorithm was set-up to search for phosphoprotein enrichment in the low q value
region for the analyzed KEGG pathway terms.
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For network visualization, a z-score was calculated for all phosphorylation sites that were
quantified in two or more replicates and interactions were analyzed with the SubExtractor pro-
gram as described [35]. The resulting network was visualized using the Cytoscape software
[36].

Results

Characterization of a Ba/F3 cellular model system to study ERBB3/
ERBB4 biology and signaling
Ba/F3 is an interleukin-3 (IL3) dependent B-cell line that has been widely used to study onco-
genic activities of kinases, and as a tool for screening and development of kinase inhibitors
[37]. Ba/F3 cells are typically cultured in the presence of IL3, which stimulates the IL3 receptor
and activates the JAK/STAT and mitogen-activated protein kinase (MAPK) pathways that
drive proliferation and survival of the cells. To generate a model system to study ERBB3/
ERBB4 signaling, we first determined if expression and activation of ERBB4 could stimulate
the proliferation and survival of Ba/F3 cells. Ba/F3 cells expressing ERBB4 were able to prolifer-
ate in the presence of the ligand NRG1. However, proliferation was not as strongly induced as
in cells stimulated with IL3 (control), indicating that ERBB4 alone could not activate all signal-
ing pathways to fully support proliferation and survival of the cells (Fig 1A). Co-expression of
ERBB3 in combination with ERBB4 significantly enhanced proliferation compared to ERBB4
expression alone, confirming that ERBB3 enhances ERBB4 activity also in the Ba/F3 model sys-
tem (Fig 1A). ERBB3 expression at the surface of the Ba/F3 cells was verified for cells that
expressed ERBB4 in combination with ERBB3 (S1 Fig). Consistent with the notion that ERBB3
alone or in a complex with another ERBB3 molecule has very little kinase activity, Ba/F3 cells
expressing exclusively ERBB3 did not promote proliferation in the absence of IL3 (Fig 1A).

We next sought to identify the downstream signaling pathways activated by ERBB3 expres-
sion in Ba/F3 cells. Analysis of the expression and phosphorylation levels of downstream sig-
naling proteins showed increased Ser-474 phosphorylation of Akt in cells that expressed both
the ERBB3 and ERBB4 proteins compared to ERBB4 alone (Fig 1B). In addition, also MEK/
ERK signaling was slightly elevated in Ba/F3 cells co-expressing ERBB4 and ERBB3 as evident
from activation loop phosphorylation in MEK (Fig 1B). Moreover, NRG1 treatment did not
generate a detectable ~80 kDa proteolytic fragment of ERBB4 (data not shown), indicating that
ERBB3/ERBB4 signaling in Ba/F3 cells primarily emanates from transmembrane receptors
[38].

Phosphoproteomics analysis of ERBB3/ERBB4 and ERBB4 cells
Next, we conducted a quantitative proteomics study of NRG1-induced phosphorylation
changes in Ba/F3 cells expressing ERBB3 and ERBB4. Moreover, we extended our analysis to
ERBB4 Ba/F3 cells treated with NRG1 to investigate the role and contribution of ERBB3 in
ligand-stimulated cells. After 30 min NRG1 or control treatment, Ba/F3 cells were lyzed and
total cellular extracts were digested with the proteases Lys-C and trypsin. Subsequently, pep-
tides were purified and chemically labeled with amine-reactive mTRAQ reagents to enable
quantitative MS analysis. As shown in Fig 2, total peptide samples were modified with mTRAQ
Δ0, Δ4 or Δ8 reagents to generate light, medium and heavy isotope labeled peptides variants
with defined mass offsets in MS spectra [24, 25]. Moreover, we determined mTRAQ labeling
efficiencies for all samples, which were found to be higher than 95% throughout this study.
Equal amounts of mTRAQ-labeled peptides were pooled and then fractionated by high pH
reversed phase chromatography into a total of 12 fractions (Fig 2) [26]. From each of these
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fraction, phosphopeptides were enriched byIMAC, followed by LC-MS analysis on a LTQ
Orbitrap Velos mass spectrometer. Overall, we performed three replicate treatment experi-
ments with different mTRAQ labeling schemes as illustrated in Fig 2. All raw MS data were
then collectively processed with the MaxQuant software to identify and quantify phosphopep-
tides and phosphorylation sites [30].

In total, about 3600 distinct phosphoproteins were identified according to an accepted FDR
rate of less than 1% on the protein and peptide level. Overall, 14,492 phosphorylation sites
were identified of which 9686 distinct sites could be localized to specific serine, threonine or
tyrosine residues with high confidence (class I site with localization probability of at least 75%
(S1 Table). The overall abundances of Ser(P), Thr(P) and Tyr(P) class I sites were 82.5%, 16.2%

Fig 1. NRG1-induced proliferation and signaling of Ba/F3 cells expressing ERBB3 and/or ERBB4. (A) Cells expressing either ERBB4 (upper panel),
ERBB4 and ERBB3 (middle panel) or ERBB3 receptors (lower panel) were cultured in medium without ligand, in the presence of 10 ng/ml IL3, or in the
presence of 10 or 100 ng/ml NRG1. Cell numbers were counted at the indicated time points. (B) Parental Ba/F3 or Ba/F3 cells expressing ERBB3, ERBB4 or
both receptors were incubated in the absence of IL3 and treated with 100 ng/mL NRG1 where indicated. Total cell lysate were then prepared and
immunoblotted with phosphoepitope- and protein-specific antibodies for ERBB3, ERBB4, Akt and MEK.

doi:10.1371/journal.pone.0146100.g001
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and 1.3%, respectively. Generally, there was a large overlap of phosphorylation sites quantified
in different replicate experiments (S2 Fig).

Fig 2. Quantitative phosphoproteomics workflow and experimental design. Ba/F3 ERBB3/ERBB4 or
ERBB4 cells were treated in the three replicate experiments as indicated. Upon lysis and proteolytic
digestion, peptides were differentially labeled with the three isotopic variant of mTRAQ and then pooled prior
to peptide separation by high pH reversed phase chromatography and IMAC phosphopeptide enrichment.
Phosphopeptide fractions were then analyzed by quantitative LC-MS on a LTQOrbitrap Velos instrument.
Lower panel: Characteristic mTRAQ patterns shown for a peptide harboring a NRG1-induced phosphosite in
ERBB3/ERBB4 cells, which less strongly up-regulated in the absence of ERBB3 in ERBB4-expressing Ba/F3
cells.

doi:10.1371/journal.pone.0146100.g002
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Identification of significant phosphorylation changes
To identify significantly different phosphorylation sites, we filtered for class I sites that were
quantified in at least two out of three replicate experiments (S2 Fig). The log10-transformed
mTRAQ ratios of the resulting 8279 class I phosphorylation sites were then subjected to statis-
tical analysis. Therefore, we applied the recently developed Global Mean Rank test with an
accepted false discovery rate of 5%. [33] (S1 Table). Notably, the Global Mean Rank test implic-
itly accounts for multiple hypotheses testing and performs well on data consisting of many fea-
tures analyzed in few replicate experiments, as typically encountered in large-scale quantitative
phosphoproteomics studies [33]. Statistical analysis revealed 492 phosphorylation sites that
were significantly regulated in Ba/F3 ERBB3/ERBB4 cells upon stimulation with NRG1. As
expected for treatment with an activating ligand, up-regulation of site-specific phosphorylation
was far more prominent, as evident from 379 induced compared to 113 repressed phospho-
sites. The degree of regulation ranged from two- to about ten-fold, as visualized a volcano plot
comparing average mTRAQ ratios to their respective standard deviations for all phosphosites
in statistical analysis (Fig 3A).

Furthermore, statistical assessment of mTRAQ ratios for NRG1-treated ERBB3/ERBB4 ver-
sus ERBB4 cells identified 54 phosphosites that differed significantly (Fig 3B). All of them were
found in higher levels upon ERBB3 co-expression. Most of these sites were significantly
induced by NRG1 treatment in ERBB3/ERBB4 co-expressing Ba/F3 cells, thus representing
ERBB3-potentiated signaling events. Direct comparison of ERBB3/ERBB4 ± NRG1 ratios with
ERBB3/ERBB4 versus ERBB4 ratios from NRG1-treated cells indicated a broad amplifier func-
tion of ERBB3 beyond statistically significant effects (Fig 4). However, the extent varied consid-
erably within the ligand-regulated phosphoproteome. This is exemplified by phosphosites

Fig 3. Identification of significantly different phosphorylation sites. (A) Volcano plot of NRG1-regulated
phosphorylation in Ba/F3 cells expressing ERBB3 and ERBB4. (B) Volcano plot comparison of
phosphorylation sites in NRG1-treated ERBB3/ERBB4 versusNRG1-treated ERBB4 expressing Ba/F3 cells.
In both comparisons, log10-transformed, average phosphosite ratios are plotted against their standard
deviations determined frommTRAQ replicate quantifications. Significantly regulated class I sites according to
the Global Mean Rank test are depicted in red, all other sites in blue. The dashed grey lines indicate two-fold
regulation.

doi:10.1371/journal.pone.0146100.g003
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close to the x axis in Fig 4, which were NRG1-induced to a similar level in cells lacking ERBB3,
while phosphorylation of sites close to the diagonal line largely depended on cellular ERBB3
expression. Notably, three prominent and explainable outliers were observed, which repre-
sented ERBB3 phosphosites recorded with the highest ERBB3/ERBB4 vs. ERBB4 cell mTRAQ
ratios (Fig 4).

Signaling pathway and network analysis
For an overall assessment of potential signaling mechanisms triggered by NRG1 stimulation in
ERBB3/ERBB4-expressing cells we next investigated which KEGG pathways were significantly
enriched for regulated phosphoproteins (harboring significantly regulated phosphosites) com-
pared to the entire detected phosphoproteome in Ba/F3 cells. In this analysis, the KEGG term
‘ErbB signaling pathway’ reached the highest significance consistent with cellular signaling
induced through the EGFR family receptors ERBB3 and ERBB4 (S2 Table). Apart from that,
the most significant enrichment of NRG1-regulated phosphoproteins was evident for the
KEGG pathway term ‘Focal adhesion’, suggesting a prominent cellular site targeted by ERBB3/
ERBB4-mediated signaling. In addition, statistically significant overrepresentation of regulated
phosphoproteins was found for several KEGG pathway terms linked to certain cancers or sig-
naling through other cell surface receptors, primarily due to signal transduction proteins these
pathways have in common with the ‘ErbB signaling pathway’. In contrast, no KEGG pathway
terms emerged from the analysis of phosphoproteins that differed significantly between
NRG1-treated Ba/F3 cells that either co-expressed ERBB3 and ERBB4 or expressed ERBB4
alone. This was likely due to a substantially lower number of significantly different phospho-
proteins and their distribution across various pathways.

Next, we performed a network analysis with the SubExtractor algorithm, which integrates
quantitative phosphoproteomics data with protein-protein interactions derived from STRING
to identify significantly regulated phosphoprotein modules [35, 39]. To be included in the com-
puted network, individual protein nodes are not required undergoing significant phosphoryla-
tion changes on their own but have to contribute to the coordinated regulation of
phosphoprotein assemblies. SubExtractor analysis revealed a large phosphoprotein network
representing coordinated phosphoregulation in a variety of cellular processes (Fig 5). Many

Fig 4. Contribution of ERBB3 to phosphosite regulation. Scatter plot of the mean ERBB3/
ERBB4 ± NRG1 ratios with mean ERBB3/ERBB4 versus ERBB4 ratios from NRG1-treated cells.
Reproducibly quantified ERBB3 phosphosites are encircled.

doi:10.1371/journal.pone.0146100.g004
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proteins downstream of receptor tyrosine kinases, such as components of MAPK and mTOR
signaling, were highly interconnected and underwent concomitant up-regulation of phosphor-
ylation upon treatment with NRG1. In contrast, downregulated phosphoproteins were promi-
nent in a different region in which many proteins were associated with cell cycle progression.
Apart from this, several peripheral sub-networks comprised phosphoproteins primarily linked
to DNA repair processes, the nuclear pore complex, or cytoskeletal regulation (Fig 5). Thus,
network analysis illustrated broad ERBB3/ERBB4-mediated phosphoregulation, which clearly
extended beyond known signal transducers in canonical pathways.

SubExtractor analysis of differential phosphoproteins due to cellular expression or absence
of ERBB3 revealed only few, smaller modules, in concordance with the much less pronounced
differences compared to those observed upon NRG1 treatment. Of note, one of these modules
comprised several MAPK pathway members as well as mTOR, which likely reflects potentia-
tion of these signaling mechanisms by ERBB3 (S3 Fig).

Analysis of site-specific phosphorylation events
To further explore kinase regulation in ERBB3/ERBB4-mediated signaling we examined
NRG1-induced phosphosites for prominent substrate motifs. Therefore, we selected the 372
up-regulated serine and threonine phosphosites and compared them to all other 7807 class I
serine and threonine sites evaluated by Global Mean Rank statistics. Tyrosine phosphorylation
sites were omitted due to their low prevalence in our data. Bioinformatics analysis with the
Moodle algorithm revealed two serine/threonine motifs significantly enriched for NRG1-in-
duced phosphosites, which were Lys-Xaa-pSer/pThr and Arg-Xaa-Arg-Xaa-Xaa-pSer/pThr
(Xaa denotes any amino acid). The combination of arginines in the -3 and -5 positions in the
second motif represents a major structural determinant for basophilic kinases such Akt [40],
likely reflecting a variety of cellular Akt kinase-substrate relationships.

Our phosphoproteomics data recapitulated NRG1-induced activation of ectopically
expressed ERBB3 and ERBB4 as evident from induced tyrosine phosphorylation sites
(Table 1). While there was no obvious difference in ERBB4 Tyr-1284 phosphorylation in
NRG1-treated ERBB3/ERBB4 or ERBB4 Ba/F3 cells, a large ratio difference of>10 for ERBB3
Tyr(P)-1328 reflected presence or absence of the RTK. NRG1 triggered SHC tyrosine phos-
phorylation on Tyr-267 (corresponding to Tyr-423 in the UniProtKB entry P98083), a recep-
tor-proximal event known to mediate Grb2-Sos recruitment and subsequent Ras/MAPK
activation [41]. Moreover, Vav1 was phosphorylated at its very C-terminal tyrosine residue
(Tyr-844) to a similar extent in NRG-1-treated ERBB3/ERBB4 and ERBB4 Ba/F3 cells [42].
This site has been implicated in the cell growth and carcinogenesis-promoting functions of
Vav1, suggesting a molecular mechanisms through which ERBB4 might contribute to onco-
genic transformation.

Downstream of receptor-proximal tyrosine phosphorylation events Ras/MAPK pathway
activation was also evident from our phosphoproteomics data. In addition to activation loop
phosphorylation of MEK1/2 and ERK1 reflecting ERKMAPK pathway activity, we recorded
proline-directed phosphorylation on the RAF1 residues Ser-29 and Ser-642, which are close to
the amino- and carboxyterminal ends of the kinase. These sites have been implicated in an
ERKMAPK-mediated feedback mechanism which negatively regulates RAF1 enzymatic

Fig 5. Network of NRG1-regulated phosphoproteins in ERBB3 and ERBB4 expressing Ba/F3 cells. The SubExtractor program [35] was used for
network generation based on the quantitative phosphoproteomics data from this study and known functional and physical interaction provided by STRING.
Proteins are colored according to the strength and direction of regulation of their most strongly regulated phosphosite. Blue, down-regulation; red, up-
regulation; intensity, magnitude of regulation.

doi:10.1371/journal.pone.0146100.g005
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activity and Ras association [43]. NRG1 also significantly elevated phosphorylation of Thr-790
near the carboxy terminus of BRAF. This ERK-mediated modification also suppresses RAF
kinase signalling, e.g. by interfering with RAF1/BRAF heterodimerization [44]. In addition to
ERK-mediated desensitization mechanisms NRG1 treatment of ERBB3/ERBB4-expressing
cells triggered Ser-62 phosphorylation of c-Myc, a Ras/ERK-mediated signaling event contrib-
uting to oncogenic transformation through stabilization of c-Myc protein [45]. Moreover,
ERK-mediated phosphorylation of p90RSK at Ser-369 reflects enzymatic activation [46] and
provides a link to described ribosomal protein S6 kinase (RSK) substrate sites regulated upon
NRG1 treatment. These involve Ser-707 on NHE1 and Ser-260 on CCT2, which provide func-
tional links to increased Na+/H+ exchange [47] and protein folding of cytoskeletal and cell
cycle regulators [48], respectively. NRG1 significantly increased tuberin (TSC2) phosphoryla-
tion at the RSK substrate site Ser-1777 (corresponding to Ser-1798 in the human ortholog) and

Table 1. Selected phosphorylation sites induced by NRG1 treatment.

Protein namesa Short
nameb

Site Sequence window ERBB3/
ERBB4 ± NRG1c

ERBB3/ERBB4 vs.
ERBB4c,d

Receptor tyrosine-protein kinase erbB-4 ERBB4 Y1284 IVAENPEYLSEFSLK 3,85 1,07

Receptor tyrosine-protein kinase erbB-3 ERBB3 Y1328 SAFDNPDYWHSRLFP 7,45 >10

SHC-transforming protein 1 Shc1 Y268 ELFDDPSYVNIQNLD 7,86 1,41

Proto-oncogene vav Vav1 Y844 VEEDYSEYC______ 3,36 1,06

Dual specificity mitogen-activated protein kinase
kinase 1

MEK1 S218 VSGQLIDSMANSFVG 3,34 1,60

Dual specificity mitogen-activated protein kinase
kinase 1

MEK1 S222 LIDSMANSFVGTRSY 4,01 1,63

Mitogen-activated protein kinase 3 ERK1 Y205 HTGFLTEYVATRWYR 8,73 1,84

RAF proto-oncogene serine/threonine-protein
kinase

RAF1 S29 FDGSSCISPTIVQQF 4,75 1,65

RAF proto-oncogene serine/threonine-protein
kinase

RAF1 S642 NACTLTTSPRLPVF_ 4,76 1,43

Serine/threonine-protein kinase B-raf BRAF T790 YACASPKTPIQAGGY 2,47 1,05

Myc proto-oncogene protein Myc S62 LLPTPPLSPSRRSGL 3,22 1,30

Ribosomal protein S6 kinase alpha-1 p90RSK S369 HQLFRGFSFVATGLM 3,09 1,38

Sodium/hydrogen exchanger 1 NHE1 S707 LSRARIGSDPLAYEP 4,41 1,22

T-complex protein 1 subunit beta CCT2 S260 GSRVRVDSTAKVAEI 9,06 1,57

Tuberin TSC2 S1777 GQRKRLISSVDDFTE 8,78 1,72

Tuberin TSC2 S939 SFRARSTSLNERPKS 3,52 1,59

Vimentin Vimentin S39 TTSTRTYSLGSALRP 2,98 2,05

Unconventional myosin-Va MYO5A S1650 GLRKRTSSIADEGTY 2,62 1,14

Bcl2 antagonist of cell death BAD S136 PFRGRSRSAPPNLWA 2,85 1,57

Forkhead box protein O3 FOXO3A S252 APRRRAVSMDNSNKY 2,85 1,37

Proline-rich AKT1 substrate 1 PRAS40 T247 LPRPRLNTSDFQKLK 6,91 1,71

Glycogen synthase kinase-3 beta GSK3B S9 SGRPRTTSFAESCKP 2,75 1,31

Dual specificity mitogen-activated protein kinase
kinase 4

MKK4 S78 IERLRTHSIESSGKL 3,65 2,07

ATP-citrate synthase ACLY S455 PAPSRTASFSESRAD 3,05 1,85

aProtein name according to UniProtKB protein knowledgebase.
bShort protein name according to PhosphoSitePlus database (http://www.phosphosite.org).
cLinear ratios corresponding to log10-transformed ratios in S1 Table.
dStatistically significant ratios highlighted in bold.

doi:10.1371/journal.pone.0146100.t001
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at the Akt substrate site Ser-939. Notably, both modifications contribute to the inactivation of
tuberin’s tumor suppressor function and inhibitory effect on mTOR activity and signalling
[49]. In addition to TSC2 Ser-939, NRG1 induced Akt signaling evident from a range of
reported Akt substrate sites with previously described functions. Akt-mediated vimentin phos-
phorylation of Ser-39 has been reported to enhance the ability of the intermediate filament pro-
tein to induce motility and invasion [50]. Further reported Akt substrate phosphorylations
include Ser-1650 of the motor protein MYO5A, which enhances actin binding and was shown
to facilitate GLUT4 vesicle translocation in insulin signalling [51]. NRG1 stimulation also trig-
gered Bcl2 antagonist of cell death (BAD) phosphorylation of the Akt site on Ser-136, an inhib-
itory modification that prevents BAD from triggering the mitochondrial apoptosis pathway
[52]. Further NRG1-induced phosphorylations previously ascribed to Akt activation com-
prised FOXO3A phosphorylation on Ser-252, which induces 14-3-3-mediated retention in the
cytoplasm and thereby prevents nuclear induction of pro-apoptotic genes [53]. Moreover, Thr-
247 phosphorylation was shown to regulate the functional activity of 40 kDa proline-rich Akt
substrate (PRAS40), which plays a role in PI3K-Akt survival signaling [54]. Thus, our quantita-
tive phosphoproteomics data point to various anti-apoptotic signaling mechanisms triggered
upon ERBB3/ERBB4 activation in the absence of any contributions by other EGFR family
members. We also detected Akt-mediated inhibitory modifications on kinases, as evident from
glycogen synthase kinase-3 beta (GSK3B) and mitogen-activated protein kinase kinase 4
(MKK4) phosphorylations on Ser-9 and Ser-78, respectively [55, 56]. Finally, we observed
phosphorylation of ATP citrate lyase (ACLY) on its Akt site Ser-455, regulating a protein that
has been described as an important component of cell growth and transformation [57]. In con-
clusion, our data reveal a variety of phosphorylation-dependent mechanisms in ERBB3/
ERBB4-mediated signaling known to contribute to cell survival and proliferation.

Discussion
In this study, we reconstituted NRG1-induced proliferation and signaling in Ba/F3 cells that
stably expressed functional, membrane-integrated ERRB4 alone or in combination with
ERBB3. The goal was to explore the specific roles of these receptors without any interference
from EGFR and ERBB2 receptors as typically encountered in cancer-derived cell lines [58].
While the Ba/F3 cell line model enables the defined reconstitution of signaling through human
EGFR family members, some care must be taken when interpreting results due to receptor cou-
pling to murine signal transduction proteins which may be expressed at different levels than
their counterparts in human cancer cell lines. However, despite potential limitations, our
experiments show that expression of ERBB3 in combination with ERBB4 significantly ampli-
fies proliferation of Ba/F3 cells upon ligand stimulation. Analysis of the expression and phos-
phorylation levels of downstream pathway proteins determined that this coincided with
increased Akt phosphorylation in cells that express both the ERBB3 and ERBB4 proteins.

To gain a better understanding of the underlying signal transduction processes we compre-
hensively and quantitatively analyzed the Ba/F3 cell phosphoproteome upon expression of
either both EGF receptor family members ERBB3 and ERBB4 or ERBB4 alone upon stimula-
tion with NRG1. We detected several hundred phosphorylation sites that were significantly
regulated upon stimulation of cells expressing both receptors. These included phosphorylation
events mediated through ERKMAP kinase and Akt pathway activation, which account for a
variety of phosphorylation-dependent signaling mechanisms known to contribute to cell sur-
vival and proliferation. Notably, ERBB3 and ERBB4 are the predominantly expressed EGFR
family members in ovarian cancer, where they showed marked expression in 76% and 98% of
all cases in a recent study [59]. In serous ovarian cancer, the ERBB4 CYT-1 variant we

ERBB3/ERBB4 Phosphoproteomics

PLOS ONE | DOI:10.1371/journal.pone.0146100 January 8, 2016 14 / 19



expressed in Ba/F3 cells was identified as independent prognostic factor for survival [60], and
may cooperate with NRG1 autocrine signaling to support ERBB3-mediated ovarian cancer cell
proliferation in vivo [61]. Consistent with a role of ERBB4 as heterodimerizing partner, tyro-
sine phosphorylation of ERBB3 was widely detectable in ovarian cancer samples [59]. ERBB3/
ERBB4 heterodimers may also be active and relevant for disease relapse in non-small cell lung
cancer, where inhibition of ligand-dependent ERBB3/ERBB4 signaling with a NRG1-blocking
antibody enhanced the magnitude and duration of response to chemotherapy in various
mouse models [62]. In the light of such emerging in vivo evidence, site-specific phosphoryla-
tions found in the present study may be evaluated in the clinical context as a read-out for
ERBB3/ERBB4 activity and therapeutic modulation, or studied to gain insights into prolifer-
ative, survival or other biological mechanisms linked to cancer progression by these RTKs.

Our data further indicate a significant contribution of ERBB3 in NRG1-triggered ERBB/
ERBB4 signaling. Notably, ERBB3 has not just a differential impact across the entire regulated
phosphoproteome (Fig 5), but, as e.g. seen for Akt, even on reported substrate sites of the same
protein kinase. Thus, it appears that reduced Akt kinase activity is not evenly translated into
reduced substrate phosphorylation, which might be due to effects such as different kinase-sub-
strate affinities, competition of substrates for residual Akt activity, or different kinetics of phos-
phatase-mediated dephosphorylation events [63]. These results emphasize the relevance of an
unbiased and broad analysis of phosphorylation-based signal transduction that goes beyond
immunoassays of key signaling proteins such as Akt or MAP kinases. In addition to a global
view on ERBB3/ERBB4 signaling, our data create potential opportunities for follow-up studies
to promote a better mechanistic understanding and explore potential links to cancer biology.
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S1 Fig. Cell surface expression of ERBB3. Flow cytometry analysis was performed with Ba/F3
cells expressing both ERBB3 and ERBB4 or, as a control, ERBB4 alone using ERBB3-specific
antibody.
(PDF)

S2 Fig. Venn diagram showing the overlap phosphorylation sites quantified in replicate
experiments 1, 2 and 3.
(PDF)

S3 Fig. Network of differential phosphoproteins in ERBB3/ERBB4 versus ERBB4 express-
ing Ba/F3 cells. The network was created using SubExtractor [35] to identify significantly dif-
ferent phosphoprotein networks by integrating quantitative proteomics data with known
functional and physical interaction provided by STRING. Proteins were colored according to
the magnitude and direction of change of their most strongly regulated phosphosite. Blue,
down-regulation; red, up-regulation; intensity, magnitude of regulation.
(PDF)

S1 Table. Quantitative phosphoproteomics data. Phosphorylation sites are listed together
with phosphopeptide identification and phosphosite localization data, along with treatment
ratios in replicate experiments and the q values determined by the Global Mean Rank test. Sta-
tistically significant changes are indicated by q values of less than 0.05.
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ERBB4 cells.
(XLSX)

ERBB3/ERBB4 Phosphoproteomics

PLOS ONE | DOI:10.1371/journal.pone.0146100 January 8, 2016 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146100.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146100.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146100.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146100.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146100.s005


Acknowledgments
We thank our colleagues Stefan Müller, Andreas Tebbe, Christoph Schaab and Klaus Godl for
stimulating discussions and Stephanie Blencke for excellent technical assistance. This work was
supported by a research project grant (IWT 110431) by the Belgian government agency for
Innovation by Science and Technology (IWT) awarded to DB.

Author Contributions
Conceived and designed the experiments: SKW IL EJ DB JC HD. Performed the experiments:
SKW IL KJ NJ SE MP EJ. Analyzed the data: SKW IL MK JTML JC HD. Wrote the paper:
SKW IL DB JC HD.

References
1. Hynes NE, Lane HA. ERBB receptors and cancer: the complexity of targeted inhibitors. Nat Rev Can-

cer. 2005; 5: 341–54. doi: 10.1038/nrc1609 PMID: 15864276

2. Roskoski R Jr. The ErbB/HER family of protein-tyrosine kinases and cancer. Pharmacol Res. 2014;
79: 34–74. doi: 10.1016/j.phrs.2013.11.002 PMID: 24269963

3. Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell Biol. 2001; 2:
127–37. doi: 10.1038/35052073 PMID: 11252954

4. Shi F, Telesco SE, Liu Y, Radhakrishnan R, LemmonMA. ErbB3/HER3 intracellular domain is compe-
tent to bind ATP and catalyze autophosphorylation. Proc Natl Acad Sci U S A. 2010; 107: 7692–7. doi:
10.1073/pnas.1002753107 PMID: 20351256

5. van der Horst EH, Weber I, Ullrich A. Tyrosine phosphorylation of PYK2 mediates heregulin-induced
glioma invasion: novel heregulin/HER3-stimulated signaling pathway in glioma. Int J Cancer. 2005;
113: 689–98. doi: 10.1002/ijc.20643 PMID: 15499613

6. Baselga J, Swain SM. Novel anticancer targets: revisiting ERBB2 and discovering ERBB3. Nat Rev
Cancer. 2009; 9: 463–75. doi: 10.1038/nrc2656 PMID: 19536107

7. Jura N, Shan Y, Cao X, Shaw DE, Kuriyan J. Structural analysis of the catalytically inactive kinase
domain of the human EGF receptor 3. Proc Natl Acad Sci U S A. 2009; 106: 21608–13. doi: 10.1073/
pnas.0912101106 PMID: 20007378

8. Mok TS. Personalized medicine in lung cancer: what we need to know. Nat Rev Clin Oncol. 2011; 8:
661–8. doi: 10.1038/nrclinonc.2011.126 PMID: 21862980

9. Jaiswal BS, Kljavin NM, Stawiski EW, Chan E, Parikh C, Durinck S, et al. Oncogenic ERBB3mutations
in human cancers. Cancer Cell. 2013; 23: 603–17. doi: 10.1016/j.ccr.2013.04.012 PMID: 23680147

10. Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, et al. Escape from HER-family tyrosine
kinase inhibitor therapy by the kinase-inactive HER3. Nature. 2007; 445: 437–41. doi: 10.1038/
nature05474 PMID: 17206155

11. Wheeler DL, Huang S, Kruser TJ, Nechrebecki MM, Armstrong EA, Benavente S, et al. Mechanisms of
acquired resistance to cetuximab: role of HER (ErbB) family members. Oncogene. 2008; 27: 3944–56.
doi: 10.1038/onc.2008.19 PMID: 18297114

12. Fattore L, Marra E, Pisanu ME, Noto A, de Vitis C, Belleudi F, et al. Activation of an early feedback sur-
vival loop involving phospho-ErbB3 is a general response of melanoma cells to RAF/MEK inhibition
and is abrogated by anti-ErbB3 antibodies. J Transl Med. 2013; 11: 180. doi: 10.1186/1479-5876-11-
180 PMID: 23890105

13. Blobel CP, Carpenter G, FreemanM. The role of protease activity in ErbB biology. Exp Cell Res. 2009;
315: 671–82. doi: 10.1016/j.yexcr.2008.10.011 PMID: 19013149

14. Prickett TD, Agrawal NS, Wei X, Yates KE, Lin JC, Wunderlich JR, et al. Analysis of the tyrosine kinome
in melanoma reveals recurrent mutations in ERBB4. Nat Genetics. 2009; 41: 1127–32. doi: 10.1038/
ng.438 PMID: 19718025

15. Nielsen TO, Poulsen SS, Journe F, GhanemG, Sorensen BS. HER4 and its cytoplasmic isoforms are
associated with progression-free survival of malignant melanoma. Melanoma Res. 2014; 24: 88–91.
doi: 10.1097/CMR.0000000000000040 PMID: 24366194

16. Sartor CI, Zhou H, Kozlowska E, Guttridge K, Kawata E, Caskey L, et al. Her4 mediates ligand-depen-
dent antiproliferative and differentiation responses in human breast cancer cells. Mol Cell Biol. 2001;
21: 4265–75. doi: 10.1128/MCB.21.13.4265–4275.2001 PMID: 11390655

ERBB3/ERBB4 Phosphoproteomics

PLOS ONE | DOI:10.1371/journal.pone.0146100 January 8, 2016 16 / 19

http://dx.doi.org/10.1038/nrc1609
http://www.ncbi.nlm.nih.gov/pubmed/15864276
http://dx.doi.org/10.1016/j.phrs.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269963
http://dx.doi.org/10.1038/35052073
http://www.ncbi.nlm.nih.gov/pubmed/11252954
http://dx.doi.org/10.1073/pnas.1002753107
http://www.ncbi.nlm.nih.gov/pubmed/20351256
http://dx.doi.org/10.1002/ijc.20643
http://www.ncbi.nlm.nih.gov/pubmed/15499613
http://dx.doi.org/10.1038/nrc2656
http://www.ncbi.nlm.nih.gov/pubmed/19536107
http://dx.doi.org/10.1073/pnas.0912101106
http://dx.doi.org/10.1073/pnas.0912101106
http://www.ncbi.nlm.nih.gov/pubmed/20007378
http://dx.doi.org/10.1038/nrclinonc.2011.126
http://www.ncbi.nlm.nih.gov/pubmed/21862980
http://dx.doi.org/10.1016/j.ccr.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23680147
http://dx.doi.org/10.1038/nature05474
http://dx.doi.org/10.1038/nature05474
http://www.ncbi.nlm.nih.gov/pubmed/17206155
http://dx.doi.org/10.1038/onc.2008.19
http://www.ncbi.nlm.nih.gov/pubmed/18297114
http://dx.doi.org/10.1186/1479-5876-11-180
http://dx.doi.org/10.1186/1479-5876-11-180
http://www.ncbi.nlm.nih.gov/pubmed/23890105
http://dx.doi.org/10.1016/j.yexcr.2008.10.011
http://www.ncbi.nlm.nih.gov/pubmed/19013149
http://dx.doi.org/10.1038/ng.438
http://dx.doi.org/10.1038/ng.438
http://www.ncbi.nlm.nih.gov/pubmed/19718025
http://dx.doi.org/10.1097/CMR.0000000000000040
http://www.ncbi.nlm.nih.gov/pubmed/24366194
http://dx.doi.org/10.1128/MCB.21.13.4265&ndash;4275.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390655


17. Naresh A, Thor AD, Edgerton SM, Torkko KC, Kumar R, Jones FE. The HER4/4ICD estrogen receptor
coactivator and BH3-only protein is an effector of tamoxifen-induced apoptosis. Cancer Res. 2008; 68:
6387–95. doi: 10.1158/0008-5472.CAN-08-0538 PMID: 18676864

18. Naresh A, LongW, Vidal GA, WimleyWC, Marrero L, Sartor CI, et al. The ERBB4/HER4 intracellular
domain 4ICD is a BH3-only protein promoting apoptosis of breast cancer cells. Cancer Res. 2006; 66:
6412–20. doi: 10.1158/0008-5472.CAN-05-2368 PMID: 16778220

19. Mohd Nafi SN, Generali D, Kramer-Marek G, Gijsen M, Strina C, Cappelletti M, et al. Nuclear HER4
mediates acquired resistance to trastuzumab and is associated with poor outcome in HER2 positive
breast cancer. Oncotarget. 2014; 5: 5934–49. PMID: 25153719

20. Hollmen M, Maatta JA, Bald L, Sliwkowski MX, Elenius K. Suppression of breast cancer cell growth by
a monoclonal antibody targeting cleavable ErbB4 isoforms. Oncogene. 2009; 28: 1309–19. doi: 10.
1038/onc.2008.481 PMID: 19151766

21. Tang CK, Concepcion XZ, Milan M, Gong X, Montgomery E, Lippman ME. Ribozyme-mediated down-
regulation of ErbB-4 in estrogen receptor-positive breast cancer cells inhibits proliferation both in vitro
and in vivo. Cancer Res. 1999; 59: 5315–22. PMID: 10537315

22. Veikkolainen V, Vaparanta K, Halkilahti K, Iljin K, Sundvall M, Elenius K. Function of ERBB4 is deter-
mined by alternative splicing. Cell Cycle. 2011; 10: 2647–57. PMID: 21811097

23. De Keersmaecker K, Graux C, Odero MD, Mentens N, Somers R, Maertens J, et al. Fusion of EML1 to
ABL1 in T-cell acute lymphoblastic leukemia with cryptic t(9;14)(q34;q32). Blood. 2005; 105: 4849–52.
doi: 10.1182/blood-2004-12-4897 PMID: 15713800

24. Oppermann FS, Klammer M, Bobe C, Cox J, Schaab C, Tebbe A, et al. Comparison of SILAC and
mTRAQ quantification for phosphoproteomics on a quadrupole orbitrap mass spectrometer. J Prote-
ome Res. 2013; 12: 4089–100. doi: 10.1021/pr400417g PMID: 23898821

25. Kang UB, Yeom J, Kim H, Lee C. Quantitative analysis of mTRAQ-labeled proteome using full MS
scans. J Proteome Res. 2010; 9: 3750–8. doi: 10.1021/pr9011014 PMID: 20465265

26. Wang Y, Yang F, Gritsenko MA, Clauss T, Liu T, Shen Y, et al. Reversed-phase chromatography with
multiple fraction concatenation strategy for proteome profiling of humanMCF10A cells. Proteomics.
2011; 11: 2019–26. doi: 10.1002/pmic.201000722 PMID: 21500348

27. Mertins P, Qiao JW, Patel J, Udeshi ND, Clauser KR, Mani DR, et al. Integrated proteomic analysis of
post-translational modifications by serial enrichment. Nat Methods. 2013; 10: 634–7. doi: 10.1038/
nmeth.2518 PMID: 23749302

28. Olsen JV, de Godoy LM, Li G, Macek B, Mortensen P, Pesch R, et al. Parts per million mass accuracy
on an Orbitrap mass spectrometer via lock mass injection into a C-trap. Mol Cell Proteomics. 2005; 4:
2010–21. PMID: 16249172

29. Schroeder MJ, Shabanowitz J, Schwartz JC, Hunt DF, Coon JJ. A neutral loss activation method for
improved phosphopeptide sequence analysis by quadrupole ion trap mass spectrometry. Anal Chem.
2004; 76: 3590–8. PMID: 15228329

30. Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M. Andromeda: a peptide search
engine integrated into the MaxQuant environment. J Proteome Res. 2011; 10: 1794–805. doi: 10.
1021/pr101065j PMID: 21254760

31. Vizcaino JA, Deutsch EW,Wang R, Csordas A, Reisinger F, Rios D, et al. ProteomeXchange provides
globally coordinated proteomics data submission and dissemination. Nat Biotechnol. 2014; 32: 223–6.
doi: 10.1038/nbt.2839 PMID: 24727771

32. Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen P, et al. Global, in vivo, and site-specific
phosphorylation dynamics in signaling networks. Cell. 2006; 127: 635–48. PMID: 17081983

33. Klammer M, Dybowski JN, Hoffmann D, Schaab C. Identification of significant features by the Global
Mean Rank test. PLoS One. 2014; 9: e104504. doi: 10.1371/journal.pone.0104504 PMID: 25119995

34. Al-Shahrour F, Arbiza L, Dopazo H, Huerta-Cepas J, Minguez P, Montaner D, et al. From genes to func-
tional classes in the study of biological systems. BMC Bioinformatics. 2007; 8: 114. doi: 10.1186/1471-
2105-8-114 PMID: 17407596

35. Klammer M, Godl K, Tebbe A, Schaab C. Identifying differentially regulated subnetworks from phos-
phoproteomic data. BMC Bioinformatics. 2010; 11: 351. doi: 10.1186/1471-2105-11-351 PMID:
20584295

36. Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, Workman C, et al. Integration of biological net-
works and gene expression data using Cytoscape. Nat Protoc. 2007; 2: 2366–82. PMID: 17947979

37. Warmuth M, Kim S, Gu XJ, Xia G, Adrian F. Ba/F3 cells and their use in kinase drug discovery. Curr
Opin Oncol. 2007; 19: 55–60. doi: 10.1097/CCO.0b013e328011a25f PMID: 17133113

38. ZhouW, Carpenter G. Heregulin-dependent trafficking and cleavage of ErbB-4. J Biol Chem. 2000;
275: 34737–43. doi: 10.1074/jbc.M003756200 PMID: 10944525

ERBB3/ERBB4 Phosphoproteomics

PLOS ONE | DOI:10.1371/journal.pone.0146100 January 8, 2016 17 / 19

http://dx.doi.org/10.1158/0008-5472.CAN-08-0538
http://www.ncbi.nlm.nih.gov/pubmed/18676864
http://dx.doi.org/10.1158/0008-5472.CAN-05-2368
http://www.ncbi.nlm.nih.gov/pubmed/16778220
http://www.ncbi.nlm.nih.gov/pubmed/25153719
http://dx.doi.org/10.1038/onc.2008.481
http://dx.doi.org/10.1038/onc.2008.481
http://www.ncbi.nlm.nih.gov/pubmed/19151766
http://www.ncbi.nlm.nih.gov/pubmed/10537315
http://www.ncbi.nlm.nih.gov/pubmed/21811097
http://dx.doi.org/10.1182/blood-2004-12-4897
http://www.ncbi.nlm.nih.gov/pubmed/15713800
http://dx.doi.org/10.1021/pr400417g
http://www.ncbi.nlm.nih.gov/pubmed/23898821
http://dx.doi.org/10.1021/pr9011014
http://www.ncbi.nlm.nih.gov/pubmed/20465265
http://dx.doi.org/10.1002/pmic.201000722
http://www.ncbi.nlm.nih.gov/pubmed/21500348
http://dx.doi.org/10.1038/nmeth.2518
http://dx.doi.org/10.1038/nmeth.2518
http://www.ncbi.nlm.nih.gov/pubmed/23749302
http://www.ncbi.nlm.nih.gov/pubmed/16249172
http://www.ncbi.nlm.nih.gov/pubmed/15228329
http://dx.doi.org/10.1021/pr101065j
http://dx.doi.org/10.1021/pr101065j
http://www.ncbi.nlm.nih.gov/pubmed/21254760
http://dx.doi.org/10.1038/nbt.2839
http://www.ncbi.nlm.nih.gov/pubmed/24727771
http://www.ncbi.nlm.nih.gov/pubmed/17081983
http://dx.doi.org/10.1371/journal.pone.0104504
http://www.ncbi.nlm.nih.gov/pubmed/25119995
http://dx.doi.org/10.1186/1471-2105-8-114
http://dx.doi.org/10.1186/1471-2105-8-114
http://www.ncbi.nlm.nih.gov/pubmed/17407596
http://dx.doi.org/10.1186/1471-2105-11-351
http://www.ncbi.nlm.nih.gov/pubmed/20584295
http://www.ncbi.nlm.nih.gov/pubmed/17947979
http://dx.doi.org/10.1097/CCO.0b013e328011a25f
http://www.ncbi.nlm.nih.gov/pubmed/17133113
http://dx.doi.org/10.1074/jbc.M003756200
http://www.ncbi.nlm.nih.gov/pubmed/10944525


39. Szklarczyk D, Franceschini A, Kuhn M, Simonovic M, Roth A, Minguez P, et al. The STRING database
in 2011: functional interaction networks of proteins, globally integrated and scored. Nucleic Acids Res.
2011; 39: D561–8. doi: 10.1093/nar/gkq973 PMID: 21045058

40. Miller ML, Jensen LJ, Diella F, Jorgensen C, Tinti M, Li L, et al. Linear motif atlas for phosphorylation-
dependent signaling. Sci Signal. 2008; 1: ra2. doi: 10.1126/scisignal.1159433 PMID: 18765831

41. Sasaoka T, Ishiki M, Wada T, Hori H, Hirai H, Haruta T, et al. Tyrosine phosphorylation-dependent and
-independent role of Shc in the regulation of IGF-1-induced mitogenesis and glycogen synthesis. Endo-
crinology. 2001; 142: 5226–35. doi: 10.1210/endo.142.12.8543 PMID: 11713219

42. Lazer G, Pe'er L, Farago M, Machida K, Mayer BJ, Katzav S. Tyrosine residues at the carboxyl termi-
nus of Vav1 play an important role in regulation of its biological activity. J Biol Chem. 2010; 285:
23075–85. doi: 10.1074/jbc.M109.094508 PMID: 20457609

43. Dougherty MK, Muller J, Ritt DA, Zhou M, Zhou XZ, Copeland TD, et al. Regulation of Raf-1 by direct
feedback phosphorylation. Mol Cell. 2005; 17: 215–24. doi: 10.1016/j.molcel.2004.11.055 PMID:
15664191

44. Ritt DA, Monson DM, Specht SI, Morrison DK. Impact of feedback phosphorylation and Raf heterodi-
merization on normal and mutant B-Raf signaling. Mol Cell Biol. 2010; 30: 806–19. doi: 10.1128/MCB.
00569-09 PMID: 19933846

45. Yeh E, CunninghamM, Arnold H, Chasse D, Monteith T, Ivaldi G, et al. A signalling pathway controlling
c-Myc degradation that impacts oncogenic transformation of human cells. Nat Cell Biol. 2004; 6: 308–
18. doi: 10.1038/ncb1110 PMID: 15048125

46. Yang X, Liu L, Sternberg D, Tang L, Galinsky I, DeAngelo D, et al. The FLT3 internal tandem duplication
mutation prevents apoptosis in interleukin-3-deprived BaF3 cells due to protein kinase A and ribosomal
S6 kinase 1-mediated BAD phosphorylation at serine 112. Cancer Res. 2005; 65: 7338–47. doi: 10.
1158/0008-5472.CAN-04-2263 PMID: 16103085

47. Takahashi E, Abe J, Gallis B, Aebersold R, Spring DJ, Krebs EG, et al. p90(RSK) is a serum-stimulated
Na+/H+ exchanger isoform-1 kinase. Regulatory phosphorylation of serine 703 of Na+/H+ exchanger
isoform-1. J Biol Chem. 1999; 274: 20206–14. PMID: 10400637

48. Abe Y, Yoon SO, Kubota K, Mendoza MC, Gygi SP, Blenis J. p90 ribosomal S6 kinase and p70 ribo-
somal S6 kinase link phosphorylation of the eukaryotic chaperonin containing TCP-1 to growth factor,
insulin, and nutrient signaling. J Biol Chem. 2009; 284: 14939–48. doi: 10.1074/jbc.M900097200
PMID: 19332537

49. Roux PP, Ballif BA, Anjum R, Gygi SP, Blenis J. Tumor-promoting phorbol esters and activated Ras
inactivate the tuberous sclerosis tumor suppressor complex via p90 ribosomal S6 kinase. Proc Natl
Acad Sci U S A. 2004; 101: 13489–94. doi: 10.1073/pnas.0405659101 PMID: 15342917

50. Zhu QS, Rosenblatt K, Huang KL, Lahat G, Brobey R, Bolshakov S, et al. Vimentin is a novel AKT1 tar-
get mediating motility and invasion. Oncogene. 2011; 30: 457–70. doi: 10.1038/onc.2010.421 PMID:
20856200

51. Yoshizaki T, Imamura T, Babendure JL, Lu JC, Sonoda N, Olefsky JM. Myosin 5a is an insulin-stimu-
lated Akt2 (protein kinase Bbeta) substrate modulating GLUT4 vesicle translocation. Mol Cell Biol.
2007; 27: 5172–83. doi: 10.1128/MCB.02298-06 PMID: 17515613

52. Hayakawa J, Ohmichi M, Kurachi H, Kanda Y, Hisamoto K, Nishio Y, et al. Inhibition of BAD phosphory-
lation either at serine 112 via extracellular signal-regulated protein kinase cascade or at serine 136 via
Akt cascade sensitizes human ovarian cancer cells to cisplatin. Cancer Res. 2000; 60: 5988–94.
PMID: 11085518

53. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al. Akt promotes cell survival by phosphorylat-
ing and inhibiting a Forkhead transcription factor. Cell. 1999; 96: 857–68. S0092-8674(00)80595-4
PMID: 10102273

54. Wang L, Harris TE, Lawrence JC Jr. Regulation of proline-rich Akt substrate of 40 kDa (PRAS40) func-
tion by mammalian target of rapamycin complex 1 (mTORC1)-mediated phosphorylation. J Biol Chem.
2008; 283: 15619–27. doi: 10.1074/jbc.M800723200 PMID: 18372248

55. Hashimoto M, Sagara Y, Langford D, Everall IP, Mallory M, Everson A, et al. Fibroblast growth factor 1
regulates signaling via the glycogen synthase kinase-3beta pathway. Implications for neuroprotection.
J Biol Chem. 2002; 277: 32985–91. doi: 10.1074/jbc.M202803200 PMID: 12095987

56. Park HS, Kim MS, Huh SH, Park J, Chung J, Kang SS, et al. Akt (protein kinase B) negatively regulates
SEK1 by means of protein phosphorylation. J Biol Chem. 2002; 277: 2573–8. doi: 10.1074/jbc.
M110299200 PMID: 11707464

57. Bauer DE, Hatzivassiliou G, Zhao F, Andreadis C, Thompson CB. ATP citrate lyase is an important
component of cell growth and transformation. Oncogene. 2005; 24: 6314–22. PMID: 16007201

ERBB3/ERBB4 Phosphoproteomics

PLOS ONE | DOI:10.1371/journal.pone.0146100 January 8, 2016 18 / 19

http://dx.doi.org/10.1093/nar/gkq973
http://www.ncbi.nlm.nih.gov/pubmed/21045058
http://dx.doi.org/10.1126/scisignal.1159433
http://www.ncbi.nlm.nih.gov/pubmed/18765831
http://dx.doi.org/10.1210/endo.142.12.8543
http://www.ncbi.nlm.nih.gov/pubmed/11713219
http://dx.doi.org/10.1074/jbc.M109.094508
http://www.ncbi.nlm.nih.gov/pubmed/20457609
http://dx.doi.org/10.1016/j.molcel.2004.11.055
http://www.ncbi.nlm.nih.gov/pubmed/15664191
http://dx.doi.org/10.1128/MCB.00569-09
http://dx.doi.org/10.1128/MCB.00569-09
http://www.ncbi.nlm.nih.gov/pubmed/19933846
http://dx.doi.org/10.1038/ncb1110
http://www.ncbi.nlm.nih.gov/pubmed/15048125
http://dx.doi.org/10.1158/0008-5472.CAN-04-2263
http://dx.doi.org/10.1158/0008-5472.CAN-04-2263
http://www.ncbi.nlm.nih.gov/pubmed/16103085
http://www.ncbi.nlm.nih.gov/pubmed/10400637
http://dx.doi.org/10.1074/jbc.M900097200
http://www.ncbi.nlm.nih.gov/pubmed/19332537
http://dx.doi.org/10.1073/pnas.0405659101
http://www.ncbi.nlm.nih.gov/pubmed/15342917
http://dx.doi.org/10.1038/onc.2010.421
http://www.ncbi.nlm.nih.gov/pubmed/20856200
http://dx.doi.org/10.1128/MCB.02298-06
http://www.ncbi.nlm.nih.gov/pubmed/17515613
http://www.ncbi.nlm.nih.gov/pubmed/11085518
http://www.ncbi.nlm.nih.gov/pubmed/10102273
http://dx.doi.org/10.1074/jbc.M800723200
http://www.ncbi.nlm.nih.gov/pubmed/18372248
http://dx.doi.org/10.1074/jbc.M202803200
http://www.ncbi.nlm.nih.gov/pubmed/12095987
http://dx.doi.org/10.1074/jbc.M110299200
http://dx.doi.org/10.1074/jbc.M110299200
http://www.ncbi.nlm.nih.gov/pubmed/11707464
http://www.ncbi.nlm.nih.gov/pubmed/16007201


58. Weiss FU, Wallasch C, Campiglio M, IssingW, Ullrich A. Distinct characteristics of heregulin signals
mediated by HER3 or HER4. J Cell Physiol. 1997; 173: 187–95. PMID: 9365520

59. Davies S, Holmes A, Lomo L, SteinkampMP, Kang H, Muller CY, et al. High incidence of ErbB3,
ErbB4, and MET expression in ovarian cancer. Int J Gynecol Pathol. 2014; 33: 402–10. doi: 10.1097/
PGP.0000000000000081 PMID: 24901400

60. Paatero I, Lassus H, Junttila TT, Kaskinen M, Butzow R, Elenius K. CYT-1 isoform of ErbB4 is an inde-
pendent prognostic factor in serous ovarian cancer and selectively promotes ovarian cancer cell growth
in vitro. Gynecol Oncol. 2013; 129: 179–87. doi: 10.1016/j.ygyno.2012.12.044 PMID: 23313737

61. Sheng Q, Liu X, Fleming E, Yuan K, Piao H, Chen J, et al. An activated ErbB3/NRG1 autocrine loop
supports in vivo proliferation in ovarian cancer cells. Cancer Cell. 2010; 17: 298–310. doi: 10.1016/j.
ccr.2009.12.047 PMID: 20227043

62. Hegde GV, de la Cruz CC, Chiu C, Alag N, Schaefer G, Crocker L, et al. Blocking NRG1 and other
ligand-mediated Her4 signaling enhances the magnitude and duration of the chemotherapeutic
response of non-small cell lung cancer. Sci Transl Med. 2013; 5: 171ra18. doi: 10.1126/scitranslmed.
3004438 PMID: 23390248

63. Ubersax JA, Ferrell JE Jr. Mechanisms of specificity in protein phosphorylation. Nat Rev Mol Cell Biol.
2007; 8: 530–41. PMID: 17585314

ERBB3/ERBB4 Phosphoproteomics

PLOS ONE | DOI:10.1371/journal.pone.0146100 January 8, 2016 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/9365520
http://dx.doi.org/10.1097/PGP.0000000000000081
http://dx.doi.org/10.1097/PGP.0000000000000081
http://www.ncbi.nlm.nih.gov/pubmed/24901400
http://dx.doi.org/10.1016/j.ygyno.2012.12.044
http://www.ncbi.nlm.nih.gov/pubmed/23313737
http://dx.doi.org/10.1016/j.ccr.2009.12.047
http://dx.doi.org/10.1016/j.ccr.2009.12.047
http://www.ncbi.nlm.nih.gov/pubmed/20227043
http://dx.doi.org/10.1126/scitranslmed.3004438
http://dx.doi.org/10.1126/scitranslmed.3004438
http://www.ncbi.nlm.nih.gov/pubmed/23390248
http://www.ncbi.nlm.nih.gov/pubmed/17585314

