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Abstract

In the last decade, |arge-scal e mass spectrometry-based phosphoproteomic studies of receptor
tyrosine kinases (RTKs) have generated a compendium of signalling networks that are activated
downstream of these receptors. In thisarticle, abrief summary of previous phosphoproteomic
studies on Epidermal Growth Factor Receptor (EGFR) signalling will be presented together with a
perspective on the importance for the field to keep pace with new advancesin RTK biology. Using
examples drawn primarily from studies on the EGFR, c-Met and FIt3 receptors, areasin RTK
biology which will greatly benefit from the power of phosphoproteomics will be discussed,
including a. validating oncogenic RTK mutants identified in cancer genome sequencing efforts, b.
spatial RTK signalling networks and c. understanding crosstalk and co-activation between
members of the RTK superfamily.
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INTRODUCTION

Receptor Tyrosine Kinases (RTKS) are a class of transmembrane receptors that drive awide
variety of essentia cellular processes in response to extracellular cues. They are
characterised by three structural features comprising extracellular ligand binding domains, a
transmembrane helix and a cytoplasmic region containing a tyrosine kinase domain?.
Binding of RTKsto their cognate ligands initiate a cascade of phosphorylation-mediated
signalling events which direct cellular programs that ultimately determine biological
function and phenotype. Phosphoproteomics by mass spectrometry (MS) has emerged asa
powerful tool to study these signalling networks in an unbiased, quantitative and highly
sensitive manner. As aresult of these efforts, the signalling community has gained arich
resource of phosphorylation sites that are catalogued in a number of publically accessible
databases including Phosphosite (www.phosphosite.org) and Phosida (www.phosida.de) 23,
In parallel with the technical developmentsin the field of phosphoproteomics, our
knowledge of RTK biology has aso significantly advanced in the last decade. While efforts
in phosphoproteomics have enriched our understanding of RTK signalling networks, the
field needs to keep pace with new discoveriesin RTK biology. Using examples drawn from
promising early phosphoproteomic studies, | will discuss new areasin RTK biology which
would benefit from the power of phosphoproteomics.

sydLosnue |\ Joyiny siepund DA @doun3 ¢

Corresponding Author : Paul H. Huang Division of Cancer Biology Institute of Cancer Research 237 Fulham Road London SW3 6JB
United Kingdom paul .huang@icr.ac.uk.


http://www.phosphosite.org
http://www.phosida.de

sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Huang Page 2

CURRENT STATE-OF-THE-ART IN PHOSPHOPROTEOMICS — EGFR AS A
PROTOTYPICAL EXAMPLE

Pioneering phosphoproteomic studies have predominately focused on the prototypical
member of the RTK superfamily, the Epidermal Growth Factor Receptor (EGFR). This
section provides a broad summary of the published phosphoproteomics studies that have
enabled new discoveriesin EGFR biology (Figure 1). An in-depth description of
guantitative and qualitative methods for interrogating the phosphoproteome is not within the
scope of thisarticle but the reader is directed to recent excellent reviews describing the
application of phosphoproteomics to tyrosine kinases 4 .

One of the earliest functional studies of EGFR signalling using quantitative
phosphoproteomics was performed by Kratchmarova et al. on human mesenchymal stem
cells (hMSCs) 6. By employing stable isotope |abelling with amino acids in cell culture
(SILAC) asameans of phosphopepetide quantification, the authors showed that despite
sharing alargely overlapping subset of tyrosine phosphorylated targets (greater than 90%),
only epidermal growth factor (EGF) and not platelet derived growth factor (PDGF)
stimulation led to osteogenic differentiation of hM SCs. Reminiscent of the distinct
phenotypic outcomes observed in PC12 cells as aresult of acute or sustained Erk activation
by EGF or nerve growth factor (NGF) respectively 7, the authors showed that osteogenic
differentiation of hM SCs was governed exclusively by differential activation of the PI3K
pathway. The PI3K pathway was shown to be activated only by PDGF and suppressing this
pathway by kinase inhibition, and thereby mimicking the effect of EGF signalling, bestowed
PDGF with the capability of driving osteogenic differentiation. This study was followed by
aseries of seminal papers that employed quantitative mass spectrometry to map the temporal
phosphorylation profile of EGFR signalling networks. Using human mammary epithelial
cells (HMECs), Zhang et a. coupled isobaric tag for relative and absolute quantification
(ITRAQ) quantification with phosphotyrosine peptide immunoprecipitation (1P) and
immobilised metal affinity chromatography (IMAC) to identify 58 proteins that were
phosphorylated by EGFR activation in atime-resolved fashion 8. The authors were able to
show that the EGFR signalling network could be clustered into dynamic modules using self-
organising maps. Olsen et a. extended these findings by performing a global analysis of
phosphorylation events downstream of EGFR activation in HeLacells . Using SILAC
quantification coupled to strong cation exchange (SCX) and titanium dioxide (TiOy)
enrichment, the authors identified 6600 phosphorylation sites on 2,244 proteins of which a
small proportion (14%) was found that be modulated by EGF. This study remains to date the
largest compendium of EGFR activated phosphorylation sites. Larsen and colleagues have
recently devised a multidimensional enrichment strategy that greatly increases the sensitivity
of phosphoproteomic analysis 10. Using just 400p.g of EGF stimulated Hel a cells, they
combined sequential elution from IMAC (SIMAC), hydrophilic interaction chromatography
(HILIC) and TiO, enrichment to quantify 4700 phosphopeptides of which 636 phosphosites
were modulated by EGF stimulation. Intriguingly, about two thirds of these phosphosites
were not previoudly identified in the Olsen et a. study, suggesting that thereis still alarge
number of EGFR signalling components that remain to be characterised and future
developments in chromatographic strategies and mass spectrometry instrumentation will
lead to further novel discoveriesin EGFR signalling networks.

The development of new workflows has provided additional biological insightsinto EGFR
signalling. Dengjel et a. established a continuous quench-flow system to assay the early
phosphorylation events that occur within seconds of ligand engagement 11. By using
peristaltic pumps, the authors rapidly mixed Hel a cells together with growth factor prior to
quenching the reaction with cold ethanol after 1 to 60 seconds of ligand exposure. They
termed this strategy quantitative proteomic assessment of very early signalling events
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(gPACE). MS analysis of the resulting lysate identified three tyrosine phosphorylation sites
on EGFR that were rapidly activated within 5 seconds of EGF addition. This observation
was in contrast to the phosphoserine and threonine sites on the receptor which were
unaffected by EGF stimulation at these early timepoints. Interestingly, the study also
showed that it was possible to resolve very early downstream signalling events and
demonstrated that phosphorylation sites on phospholipase C gamma (PLC-v) displayed a
distinctly lagged activation profile compared to EGFR tyrosine phosphorylation. Although
this analysis only highlighted alimited number of downstream signalling components, a
combination of the gPA CE technique with the aforementioned global phosphoproteomic
enrichment strategies should greatly increase the depth of phosphoproteome coverage of
early EGFR signalling events.

One of the major challenges associated with discovery-based M S approachesis its inherent
inability to acquire reproducible data across biol ogical/technical replicates or between
multiple cellular conditions. This problem occurs as aresult of the automated sel ection of
precursor ions for fragmentation by information dependent acquisition (IDA) workflows. To
overcome this problem, Wolf-yadlin et al. devel oped a targeted quantitative M S strategy to
generate a high-resolution temporal map of EGFR signalling across seven time-points 12,
Using multiple reaction monitoring (MRM) in a hybrid triple quadrupolée/linear ion trap
mass spectrometer to monitor the levels of 222 phosphopeptides, the authors were able to
demonstrate that this method was superior over existing IDA approaches in improving data
reproducibility. The MRM strategy had an 88% overlap of phosphopeptides across four
analyses while the IDA approach only generated a 34% overlap. This study is the first
application of MRM to quantify signal transduction and has the exciting potential to be
broadly applied to other RTK signalling networks. These targeted approaches are
particularly beneficial for the acquisition of reproducible data for systems biology
applications where high density phosphoproteomic measurements across multiple conditions
are essential for the development of predictive computational models of EGFR signalling
networks 13-14,

All of the described approaches have primarily been confined to the characterisation of /n
vitroEGFR signalling in cell line models. Using a semi-quantitative M S strategy, Rikova et
al. screened a panel of 41 non-small cell lung cancer (NSCLC) cell lines and 150 tumours
for their levels of phosphotyrosine-mediated signalling proteins 1°. Remarkably, the authors
showed that the spectrum of activated RTKsin NSCLC cell lines were distinct from those
found in tumours. While EGFR, c-Met and EphA 2 receptors had the highest levels of RTK
phosphorylation in NSCLC cell lines, the discoidin domain receptors (DDR1 and 2) and
EGFR formed the largest component of phosphorylated RTKsin tumour specimens. These
findings indicate that cancer cell lines only represent tractable model systems for signalling
studies and further characterisation of tissue and tumours samples are required for a better
mechanistic understanding of disease processes. With the recent devel opment and
application of isotopic-based M S quantification approaches to animal models of disease and
patient specimens 1618t is anticipated that forthcoming phosphoproteomic analyses will
reveal further insightsinto /n vivo EGFR signalling networks.

VALIDATING ONCOGENIC RTK MUTANTS

The advent of next generation sequencing technol ogies has revol utionized the cost and
speed at which whole genome sequencing can be performed 19, Cancer sequencing projects
driven by The Cancer Genome Atlas project (TCGA) and The International Cancer Genome
Consortium (ICGC) have uncovered alarge number of RTK mutations and translocations in
human tumours 20, While some of these aberrations are found in mutational * hotpots’, for
instance in the ectodomain and kinase domain of EGFR, and are fairly well characterized 21,
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many of the identified mutations are novel and their functional contribution to RTK activity
and signalling specificity is unknown. In tandem with the deluge of sequencing datathat is
being generated, bioinformatic approaches to distinguish driver from passenger mutations
have been devel oped to prioritize the functional annotation of RTK mutations 2224,
Nonetheless, functional validation of these driver mutations represents the greatest
bottleneck in the ultimate goal of translating the cancer genome into a mechanistic
understanding of the disease with the accompanying development of patient-specific
therapies for cancer.

Quantitative phosphoproteomicsisideally positioned to tackle this challenge. Studies
performed on oncogenic mutants of EGFR have shown that mass spectrometry is capable of
accurately mapping the signalling network changes that occur upon acquisition of RTK
mutations 2>-26, For instance, Guo and co-workers used a semi-quantitative M S approach to
profile the phosphotyrosine status of NSCL C cells endogenously expressing EGFR mutants
that are sensitive to the tyrosine kinase inhibitor gefitinib 27. The authors showed that
mutant EGFR cell lines generally displayed higher phosphorylation levels of downstream
adaptor proteins such as Grb2-associated binding protein 1 (Gabl) and SH2 domain
containing transforming protein 1 (SHC1) compared to cells expressing wildtype (WT)
EGFR. The authors have recently extended this analysis to identify AKT-RSK-S6 kinase
substrates downstream of these mutant receptors by using motif-specific antibodies to enrich
for phosphopeptides that contain the characteristic AKT substrate motif (RxRxxpS/pT) 28,
However, such analyses are generally confounded by the heterogeneous genetic background
of different NSCLC lines which make it challenging to establish if the observed signalling
alterations are indeed the consequence of EGFR mutations. To overcome this problem,
Guhaet al. used isogenic immortalised human bronchial epithelial cells (HBECS) that were
transduced with either WT or two mutants of EGFR (Del E746-A750 and L858R) 2°. Using
SILAC combined with phosphotyrosine IP, the study demonstrated that cells expressing the
two EGFR mutants exhibited much higher baseline tyrosine phosphorylation levels than WT
EGFR. More importantly, they observed receptor phosphorylation differences between the
two EGFR mutants, with the Del E746-A750 mutant exhibiting a five-fold increase in
phosphorylation at the Y 727 site compared to the L858R mutant. This finding indicates that
different EGFR mutants activate unique downstream signalling pathways as a result of
differential receptor phosphorylation. Subsequent phosphoproteomic studies of the EGFR
mutants EGFRVIII and EGFRVIV in glioblastoma further reinforce this observation 26: 30,
The knowledge gleaned from such phosphoproteomics analyses can also be used to design
‘network-based’ therapeutic strategies to overcome chemoresistance driven by mutant
RTKs. We have previously employed quantitative MSto identify crosstalk between
EGFRvIII and the c-Met receptor in glioblastoma cells 25 31, This interaction was exploited
to design anovel combinatorial strategy to overcome EGFRvIII-driven glioblastoma cell
growth. Co-inhibition of both the EGFRvIII and c-Met receptor resulted in additive cancer
cell death and conferred sensitivity to EGFR inhibitor monotherapy and DNA damaging
agents. These studies cumulatively highlight that mass spectrometry is a promising tool for
resolving signalling features that occur downstream of RTK mutants and has the potential to
inform the selection of signalling candidates for targeted therapy in patients with
heterogeneous tumours that may contain a diverse spectrum of RTK mutations (Figure 2).

There areissues that complicate the routine use of phosphoproteomicsin the functional
validation of mutant RTK signalling networks. Signalling processes are heavily influenced
by cellular context, for instance the presence of additional mutations in other oncogenes and
tumour suppressors within the same cell could dramatically alter the networks activated by
RTKs. Similarly, extracellular stimuli such as matrix and stromal interactions have been
shown to modulate RTK signalling processes 32. |s the identification of context-specific
changesin cellular signalling networks at the genome-wide scale a tractable problem?
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Previous studies by Lauffenburger and colleagues combining signal transduction pathway
analysis with computational modelling have suggested that cancer cells share acommon
effector signalling program 33, While contextual information may result in differencesin
kinase-mediated signalling networks, the fundamental components or effectors of signalling
are likely to be common to most cells. By taking advantage of this principle, it may be
possible to simplify the problem of context-specific RTK signalling by focusing on the
modul ating effects of RTK mutations on components of the common effector machinery.
Through the use of targeted M S-based approaches such as MRM to map these common
effectors 1234, one can now test this principle by collecting large-scale datasets of mutant
RTK signalling networks in different contexts (e.g. genetic background). Analysis of these
datasets in combination with functional phenotypic studies, such as RNA interference and
chemical genetic screens, using computational modelling approaches should allow one to
identify the common effectors that are critical for distinguishing mutant RTK oncogenic
phenotypes 13-14, which may then serve as potential candidates for therapeutic development
or biomarker validation (Figure 2).

SPATIAL RTK SIGNALLING NETWORKS

Thereis an increasing appreciation that the activation of an RTK at the plasma membrane
represents only one facet of its complex biology. Upon ligand engagement, many RTKs are
internalised into endosomal compartments, prior to signal degradation and receptor
recycling 3°. Previous studies have demonstrated that spatial compartmentaisation isa
mechanism by which cells diversify the signalling networks activated by RTKs. For
instance, Kermorgant and co-workers have shown that c-Met endocytosis is required for the
phosphorylation and nuclear accumulation of both Erk1/2 and STAT3 36, Interestingly,
translocation of c-Met from the peripheral endosomal compartment to the perinuclear
endosomal compartment is required only for STAT3 nuclear localisation but not for Erk1/2,
suggesting that signalling specificity is conferred by compartmentalisation of c-Met. In a
subsequent study, the same group demonstrated that accumulation of receptor levelsin the
endosomal compartment is a mechanism by which mutant forms of c-Met conferred /n vivo
oncogenicity and metastasis 37. Similarly, Haugh et al. have observed that while both
surfaced localised EGFR and endosomal EGFR can activate the Ras pathway, only the
surface localised receptor is able to activate PLC-y 38-39, In addition to the endosomal
compartments, it has been reported that EGFR also translocates to both the mitochondrial
and nuclear compartments and play important roles in activating signalling components
present in these organelles 4042, |dentifying the signalling differences that arise as a result
of spatial organisation of RTKswill be critical in establishing the functional relevance of
receptor compartmentalisation. The ability of phosphoproteomics to quantitatively map
signalling networks in an unbiased fashion makes it an attractive approach for addressing
some of the pressing questions in this burgeoning field of spatial signalling networks.

Studies on protein compartmentalisation have historically been performed using organelle
isolation techniques such as centrifugation (Figure 3). For example, the global
phosphoproteomic study of EGFR signalling by Olsen et a. was done using HeL a cells
subjected to cytoplasmic and nuclear separation through centrifugation °. In this manner, the
authors were able to show that phosphorylated STATS translocated from the cytoplasm to
the nucleus upon temporal stimulation with EGF. However this technique reguires cellsto
be subjected to multiple and often lengthy fractionation steps which may affect the integrity
of the biological sample. Furthermore, the use of organelles separation would itself preclude
theinvestigation of the signalling interactions that occur in an inter-compartmental manner,
e.g. interactions between endosomal bound RTK and cytoplasmic adaptor proteins. An
alternative approach to organelle fractionation is to employ chemical or genetic meansto
disrupt components of the cellular trafficking machinery to probe for spatial RTK signalling
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networksin cells. An exampleisthe use of dynasore (a GTPase inhibitor of dynamin) or
dominant negative and temperature sensitive mutants of dynamin to block clathrin-mediated
endocytosisin cells and prevent the accumulation of RTKs in the endosomal

compartment 37. Similarly, brefeldin A (BFA) is achemical inhibitor that targets the
guanine nucleotide exchange factors that regulate the Arf GTPases and prevents surface
expression of RTK s while retaining the receptors in the endoplasmic reticulum (ER). Using
BFA in combination with quantitative global phosphoproteomics, Choudhary and colleagues
were able to show that an oncogenic mutant of fms-like tyrosine kinase receptor 3 (FIt3) that
contains internal tandem duplications (FIt3-1TD) activated distinct kinases when localised to
the ER versus the plasma membrane (PM) 43, FIt3-ITD in the ER appeared to enrich for
Pim1 kinase motifs while FIt3-ITD in the PM preferentially activated proteins containing the
motifsfor AKT and MAPKSs. Intriguingly, distinct FIt3-ITD phosphorylation sites were
shown to be activated between the two compartments, suggesting that the observed
signalling changes may be the result of altered phosphorylation at the level of the receptor.
While the chemical approach allows for the study of protein compartmentalisation in intact
cells, many of these compounds inhibit general cellular processes and would exert
pleiotropic effectsin cells. Moving forward, it is likely that both organelle isolation and
chemical inhibitor strategies will need to be employed in a complementary manner to obtain
amore accurate phosphoproteomic profile of spatial RTK signalling.

Theinternalisation and intracellular trafficking of many RTKs are driven by a complex
interplay between protein phosphorylation and both ubiquitin (Ub)-dependent and —
independent mechanisms 4445, Ubiquitination is areversible protein modification that is
added to RTK's by E3 ubiquitin ligases in response to receptor phosphorylation. This
complexity is compounded by the ability of Ub itself to undergo further rounds of Ub
addition on lysine residues to form polyubiquitin chains. These monoubiquitin and
polyubiquitin modifications act as molecular tags for recruiting components of the
endosomal sorting and lysosomal degradation machinery to the receptor?®. In the case of
EGFR, phosphorylation at Y 1045 leads to the recruitment of the E3 ubiquitin ligase, Cbl
which in turn ubiquitinates the receptor at lysine residues within the tyrosine kinase

domain 47, Additionally, Cbl can also indirectly bind EGFR through the Grb2 adaptor
protein at the Y 1068 and Y 1086 sites of the receptor 48. Proteins containing ubiquitin
binding domains (UBDs) then interact with the ubiquitinated receptor to drive endosomal
sorting and trafficking. Two recent studies have used quantitative M S approaches to identify
the players involved in the ubiquitination regulated network downstream of EGFR 49-%0,
Argenzio et al. used a Ub specific antibody to immunopurify ubiquitinated proteinsin EGF
stimulated Hel a cells 4°. They also performed a tandem affinity purification (TAP) using
TAP-tagged Ub exogenously transfected into the B82L mouse fibroblast cell line to identify
additional ubiquitinated targets. Using a complementary approach, Akimov et a. used GST-
tagged UBDs from endocytic the adaptor proteins Epsin-1 and Eps15 to enrich for proteins
that are ubiquitinated upon activation of EGFR in HelLa cells 20, There was significant
overlap between the EGF-responsive ubiquitinated proteins in both studies. More
importantly, many of the enriched proteins have previously been shown to be
phosphorylated within similar timescal es, suggesting potential crosstalk between the two
forms of posttranslational modifications (PTMs). Future efforts in the computational
integration of proteomic datasets of disparate but interconnected forms of PTMs will be
required to build a more comprehensive understanding of spatial regulation of RTK
signalling (Figure 3).

RTK COACTIVATION NETWORKS

The availability of adiverse range of phosphoproteomic technol ogies, both M S-based and
alternative formats, has resulted in the widespread use of these tools for screening purposes,
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including the routine screening of cancer cell lines and tumours 5134, One of the
unanticipated outcomes of these screening efforts is the revelation that RTKsrarely act in
isolation but rather cooperate in aweb of coactivated RTK networks 4. For instance, the
A431 epidermoid carcinoma cell line has been used in the past two decades as a workhorse
for studying EGFR signalling pathways since it expresses abnormally high levels of the
receptor. Ciaccio ef &. used microwestern arrays to investigate the phosphorylation-
mediated signalling networks activated in A431 cells upon stimulation with EGF in a dose
and time-dependent manner 3°. By integrating this data with Bayesian network modelling,
the authors were able to show that stimulation of EGFR resulted in the ordered activation of
ahierarchical cascade of multiple downstream RTKSs, including PDGFR, ErbB2, ErbB4, c-
Kit, c-Met, FGFR1 and IGF1R. A431 cells display distinct phenotypic behaviour in
response to different concentrations of EGF. Stimulation at alow dose of EGF promotes cell
proliferation while higher doses of the ligand results in growth inhibition and terminal
differentiation 9657, It is plausible that this biphasic phenomenon may be the effect of
different combinations of RTK's being coactivated simultaneoudly at distinct EGF
concentrations rather than the consequence of EGFR receptor activation alone. Thereis
currently a poor understanding of the functional relevance of RTK coactivation and more
work needs to be done on elucidating the integrated signalling networks downstream of
coactivated RTKs and their resulting effects on cellular behaviour. This endeavour has been
particularly challenging since many RTKs share common downstream signalling pathways
and require highly sensitive and reproducible detection methods to delineate the individual
pathways activated by RTK coactivation.

Phosphoproteomics by M S has yet to be employed in the systematic study of RTK
coactivation networks. The goal of such a study would be to determine the signalling
contribution of the individual receptors to integrated RTK coactivation signals. A previous
large-scale study of receptor crosstalk in macrophages has shed light on the design criteria
that would be important for such an experiment. Ranganathan and co-workers treated RAW
264.7 macrophage cells with 22 receptor-specific ligands singly or in all possible pairwise
combinations 8. They then measured the effect of these ligand combinations on cyclic
adenosine monophosphate (CAMP) synthesis, Ca2* mobilisation, cytokine secretion and the
phosphorylation status of downstream signalling proteins, including AKT, p38, STATS3,
Erk1/2 and RSK. In performing these experiments, they looked for ligand combinations that
exhibited non-additive effects, i.e. Effects that cannot simply be accounted for by alinear
addition of the contributing single ligand responses. The authors found that there were
multiple instances where cellular responses were silent under single ligand addition but
became uncovered upon simultaneous activation by multiple ligands. They termed this
effect as context-dependence where the responses driven by specific ligands are not
independent but are largely reliant on the effects of others. Similar to the common effector
machinery described earlier 33, the authors made a second observation that despite the large
number of ligand combinations tested, the downstream signalling components converge onto
asmall set of interactions that are able integrate and regulate cellular behaviour. These two
important findings are likely to also apply to RTK coactivation networks. Previous studies
have shown that distinct RTK s phosphorylate common downstream adaptor proteins and
kinases, albeit activating them to differing degrees °°. One of the open questions in the field
iswhether RTK coactivation leads to asimple linear extrapolation of the individual
signalling profiles of contributing RTKs or if there is cooperativity and amplification as a
result of the coactivation event.

One approach to explore this hypothesisis to employ a subtractive strategy where
coactivated RTKs are systematically eliminated either genetically with RNA interference or
chemically using small molecule inhibitors, prior to phosphoproteomic profiling of
downstream signalling. For instance, in the case of the A431 cells, RTKs such as PDGFR
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and ErbB2 can be depleted either singly or in combination and upon stimulation with EGF,
phosphoproteomics can be used establish if these RTK s are essential for propagating EGFR
signal transduction networks. Additionally, this approach will complement the study by
Ciaccio et al. by validating the directionality of interactions between coactivated RTKs and
the proposed order of the RTK activation cascade that was predicted using the Bayesian
modelling approach %5. Alternatively, one can also use the additive strategy, where RTK s
are sequentially added to cells by exogenous co-expression to establish the effect of RTK
coactivation on signalling networks. The attractiveness of the additive approach is that
RTKs can betitrated in specific concentrations and in different combinationsin cellsto
investigate the cooperative nature of RTK coactivation. Finally, the unbiased approach
previously employed by Ranganathan and co-workers can also be exploited for profiling
RTK coactivation. Many cancer cell lines have been profiled for their endogenous RTK
expression and activation levels 60, Stimulation of cancer cell lines with a panel of growth
factorsin a combinatorial fashion should identify the non-additive effects downstream of
RTK coactivation and potentially elucidate candidate integrators for cellular signal
processing. Since most cells express of anumber of different endogenous RTKs, many of
which are required for survival, great care must be taken to account for ‘ confounding
signals' that may arise from simultaneous activation and crosstalk of multiple endogenous
RTKs. A combination of the additive, subtractive and non-biased strategies will provide a
valuable experimental handle for dissecting the functional relevance of RTK coactivationin
cancer (Figure 4).

CONCLUSION

Promising early studies have highlighted the potential of mass spectrometry-based
phosphoproteomics for illuminating the signalling mechanisms that underlie many of the
recent advances in RTK biology. More than 50% of known RTKs are poorly characterised
and it remains necessary to continue the systematic profiling of these RTK signalling
networks in atemporal/dose-dependent manner so as to expand our knowledge of these
understudied RTKs 1. It isalso critical that novel developments in phosphoproteomics are
continually applied to new areas of RTK signalling such as those described in this article. It
isimportant to note that these areas of RTK biology are not mutually exclusive and that a
combination of different experimental strategieswill be required to generate novel insights
into RTK signalling. In this manner, phosphoproteomics can be used effectively to make
further discoveriesin RTK biology and continue contributing richly to this exciting area of
signal transduction.
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Figure 1.

A timeline of important phosphoprotemic studies that have enabled new discoveriesin

EGFR biology.
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Figure2.

Strategy for the analysis of oncogenic RTK mutants in cancer. Either cancer cell lines
containing endogenous mutant RTK's or isogenic cell lines transduced to express mutant
RTKs can be analysed using discovery-based mass spectrometry. Contextual information
can then be assessed using targeted mass spectrometry methods such as MRM. Findly in
combination with functional analyses, computational approaches can be used to identify
common effectors of mutant RTK signalling.
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Figure 3.
Analysis of spatial signalling networks using mass spectrometry. After ligand binding,

RTKs undergo endocytosis to different compartments, including the early endosome,
multivesicular bodies (MVBs) and the mitochondria. Spatial signalling networks can be
analysed either using purification methods to enrich for specific organelle components (such
as centrifugation) or by employing chemical or genetic approaches to inhibit cellule
trafficking processes. It is also important to incorporate other post-trandational
modifications (PTMs) such as ubiquitination (U) together with phosphorylation (P) to
identify crosstalk mechanisms that occur between different PTMsin the regulation of spatial
signalling networks.
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Figure 4.

Analysis of RTK coactivation. Three strategies can be used in a complementary fashion to
elucidate RTK coactivation networks. A subtractive strategy can be employed to
systematically deplete endogenous RTK levelsin cancer cells. Alternatively, an additive
approach of co-expressing different combinations of RTKsin cancer cells can be used to
investigate the cooperative nature of RTK coactivation. A third approach is to administer
growth factors to cancer cellsin an unbiased fashion to identify non-additive effects of RTK
coactivation on signal transduction.
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