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Abstract
Cancer cells employ multiple mechanisms to evade tightly regulated cellular processes such as proliferation,
apoptosis, and senescence. Systems-wide analyses of tumors have recently identified receptor tyrosine kinase
(RTK) coactivation as an important mechanism by which cancer cells achieve chemoresistance. This minireview discusses our current understanding of the complex and dynamic process of RTK coactivation. We
highlight how systems biology and computational modeling have been employed to predict integrated signaling outcomes and cancer phenotypes downstream of RTK coactivation. We conclude by providing an outlook
on the feasibility of targeting RTK networks to overcome chemoresistance in cancer. Cancer Res; 70(10); 3857–60.
©2010 AACR.

Introduction
The receptor tyrosine kinases (RTK) have historically been
the subject of intense investigation due to their widespread
deregulation in cancer and the prospect of developing targeted therapeutics to these proteins. Since the first description of transphosphorylation between the epidermal growth
factor receptor (EGFR) and the insulin receptor (IR; ref. 1),
an increasing number of studies have reported crosstalk
between different members of the RTK superfamily. The introduction of large-scale high-throughput approaches for
mapping cellular signaling networks have identified additional complexities in RTK network biology and led to the
realization that RTK crosstalk is more prevalent than previously envisioned (2–4). This idea, referred to as “RTK coactivation,” is a process by which cancer cells simultaneously
activate two or more RTKs in order to attain network robustness and increase the diversity of signaling outcomes that
can be achieved using a limited repertoire of intracellular signaling components. Recent studies have shown that RTK
coactivation plays critical roles in influencing tumor response to targeted therapeutics and manifestation of cancer
phenotypes (2, 4). Furthermore, advances in network-based
technologies and computational biology have enhanced our
ability to evaluate these networks to the point of generating
predictive computational models for cancer biology (5, 6). In
this mini-review, we describe our evolving understanding of
the complex and dynamic process of RTK coactivation. Using
recent examples primarily focused on kinetic models, we will
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explore how cancer systems biology has been used to dissect
RTK signaling networks. Finally, we offer a perspective on exploiting RTK coactivation networks as a means of designing
therapeutic strategies targeting cancer.

Network Robustness and Chemoresistance
One advantage of RTK coactivation is that it imparts cancer cells with the ability to maintain network robustness in
the face of acute perturbations, i.e., cells are able to preserve
phenotypic outcomes despite disruption in one or more signaling elements. Many RTKs share common downstream
effectors and activate similar signaling pathways, albeit to
varying degrees (Fig. 1A; ref. 7). Using glioblastoma as a
model, Stommel and colleagues have shown that RTK coactivation in tumors allows for oncogene switching upon
inhibition of specific RTKs (4). For instance, both EGFR
and c-Met activate the PI3K pathway through the recruitment of the GAB1 adaptor protein. Under normal conditions,
GAB1-PI3K preferentially associates with EGFR in glioblastoma cells expressing a constitutive mutant of EGFR
(EGFRvIII). Pharmacological inhibition of EGFR leads to
the compensatory recruitment of the GAB1-PI3K complex
by c-Met, maintaining a robust PI3K signal and cell survival.
Correspondingly, cancer cells that coactivate EGFR and
c-Met fail to succumb to EGFR tyrosine kinase inhibitor
monotherapy (2, 4). To overcome this resistance, combination
strategies employing multiple RTK inhibitors have been proposed with the aim of shutting down signaling flux through
key oncogenic nodes by simultaneously inactivating multiple
upstream activators (Fig. 1C). A cocktail of EGFR, c-Met, and
platelet-derived growth factor receptor (PDGFR) inhibitors
resulted in a synergistic decrease in cell viability compared
with treatment with any single agent alone (4). This phenomenon has since been recapitulated in multiple cancer types,
particularly in the context of acquired resistance to kinase inhibitors (8), suggesting that oncogene switching as a result of
RTK coactivation may be a general mechanism by which cancer cells achieve chemoresistance.
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Figure 1. Features of RTK coactivation networks. A, RTK-mediated signaling pathways share multiple elements and inhibiting the dominant RTK often
results in the compensatory recruitment of downstream components by secondary RTKs. Examples of dominant RTKs include EGFR (2, 4, 10) and ErbB2
(15), whereas secondary RTKs such as c-Met, PDGFR, and IGF-1R (4, 9, 15) have been reported. These RTK coactivation events converge on a number of
fragile points in the network such as AKT (6). B, kinetic modeling approaches simplify complex signaling networks and identify fragile points that have
disproportionately large effects on signaling and phenotypic output. C, effective treatment strategies (green) include targeting of multiple RTKs or fragile
points determined by the implementation of network models. Alternative resistance mechanisms may arise in response to these therapeutic interventions
(red), which may include activation of alternative RTKs (e.g., Axl; ref. 16) or other intracellular network elements.

An elaboration of this concept has been put forward by
Pillay and colleagues, in which a dominant kinase sits on
top of a hierarchy of RTKs and inhibition of this dominant
RTK results in the elevation of a secondary RTK to the primary position (Fig. 1A; ref. 9). In the glioblastoma example
described earlier, EGFRvIII is the dominant kinase whereas
c-Met acts as the secondary kinase. Interestingly, the dominant RTK may itself be responsible for the activation of
secondary RTKs. Using high-throughput microwestern arrays
combined with Bayesian network modeling, Ciacco and colleagues derived a model depicting the network architecture
of eight RTKs activated by EGFR in A431 epidermoid carcinoma cells (10). Mechanisms for secondary RTK coactivation
include (a) autocrine-paracrine growth factor secretion (11),
(b) direct transphosphorylation by the dominant RTK (9),
(c) indirect phosphorylation through a signaling intermediate (e.g., Src; ref. 12), or (d) transcriptional regulation
(13). Phosphoproteomic studies have also shown that the
stimulation of different dominant-initiator RTKs result in
the coactivation of distinct secondary RTK profiles. For
instance, EGF activation of EGFR-HER2 heterodimers in
HER2-overexpressing human mammary epithelial cells led
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to the preferential activation of c-Met, Axl, and EphA2 compared with heregulin-driven HER2-HER3 dimers (14). However, both EGFR-HER2 and HER2-HER3 dimers activated
insulin-like growth factor (IGF)-1R to the same degree (14).
These observations would suggest that inhibition of the
dominant RTK could result in significant rewiring of the
web of RTKs it activates and ultimately the resultant downstream signaling network. Understanding this process of differential signal use remains a significant challenge in
developing targeted therapeutics to overcome network
robustness.

Kinetic Models and RTK Networks
Perhaps a less well-studied aspect is the effect of RTK
coactivation on integrated signaling networks and tumor
phenotypes. An analysis by Macbeath and coworkers showed
that six distinct RTKs differentially phosphorylated common
downstream signaling molecules and displayed disparate
phosphotyrosine binding domain affinities (7). This study
raises the important question of whether an integrated network downstream of coactivated RTKs is the result of a
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simple signal amplification of these unique RTK signatures
or do novel (or possibly antagonistic) functions arise from
RTK coactivation? A recent study on trastuzumab (an
ErbB2-specific therapeutic antibody) resistance illustrates
the complexity of this problem (15). The authors found that
a heterotrimer of activated ErbB2, ErbB3, and IGF-IR was
responsible for conferring trastuzumab resistance in breast
cancer cell lines. Depletion of either ErbB3 or IGF-IR did
not alter the interactions between the remaining two RTKs
but nonetheless sensitized cells to trastuzumab treatment.
However, this drug sensitivity was achieved through different
mechanisms. Knockdown of ErbB3 decreased Akt activation
but had no effect on mitogen-activated protein kinase
(MAPK) signaling, whereas removal of IGF-IR reduced Src
and MAPK activation levels with minimal effect on Akt and
ErbB3 phosphorylation. It is plausible that some of the features (e.g., tratuzumab resistance) observed in patients may
be attributed to shared RTK coactivation signaling nodes
whereas others (e.g., tumor cell invasion) may be due to
the action of specific RTKs. “Combination indices” for RTK
coactivation must be established to determine if these signaling and phenotypic outcomes are additive or synergistic
compared with those arising from individual RTKs. Such
experiments combined with computational biology approaches are key to addressing some of the complexity
inherent in RTK signaling networks.
The attractiveness of computational biology lies in its ability to generate models that are capable of distilling how RTK
interactions impinge on tumor phenotypes and signal transduction. The challenge of generating such integrated models
is the identification and incorporation of points of crosstalk
between individual contributing growth factor signaling networks (Fig. 1B). Additionally, for computational models to be
informative, it is critical that suitable experiments are done
to include the appropriate signaling space and avoid inaccuracies that may result in incorrect predictions or relationships. Borisov and colleagues generated an ordinary
differential equation (ODE)-based model that merges points
of crosstalk and integrates the feedback mechanisms inherent in both the EGFR and IR signaling networks (5). Using
a combination of experiments and computational simulations, the authors determined that whereas insulin weakly
activates the Erk pathway compared with EGF, costimulation
of HEK293 cells with a low dose of EGF with insulin leads to
a synergistic activation of the Erk pathway. This observation
is due to the increase in the levels of PIP3 as a result of EGF
and insulin coactivation of PI3K, which ultimately facilitates
the membrane recruitment of GAB1 and increased activation
of the Ras pathway. Consistent with this hypothesis, addition
of wortmannin (a PI3K inhibitor) abrogated this synergy.
Interestingly, the addition of insulin seems to confer robustness to EGF-stimulated pErk in GAB1 knockdown cells,
which suggests that costimulated cells use multiple redundant pathways to activate critical signaling nodes. The
identification and incorporation of these redundant pathways into next generation kinetic models will allow for
more accurate predictions of signaling outcomes in disease.
Additionally, the inclusion of additional RTK inputs, such as
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c-Met or PDGFR, will undoubtedly enrich our understanding
of mechanisms of crosstalk and redundancy in RTK coactivation networks.

Exploiting RTK Coactivation Networks for
Therapy
Strategies to overcome RTK coactivation broadly fall into
two classes. As described above, the first strategy involves
therapeutically targeting multiple RTKs simultaneously in
order to shut down oncogenic RTK signaling and overcome
compensatory mechanisms (Fig. 1C). More recently, single
agents targeting multiple RTKs have been developed and
show promise in preclinical models of disease (16, 17).
An example is foretinib, a small molecule inhibitor of Axl,
c-Met, and vascular endothelial growth factor receptor
(VEGFR), which reduced tumor burden in a mouse model
of lung metastasis and overcame lapatinib (an EGFR/ErbB2
inhibitor)-induced resistance in BT474 breast cancer cells
(16, 17). Although these multitarget approaches are effective
in preclinical models, it remains to be seen if additional
resistance mechanisms, either driven by the activation of
alternative RTKs or by other processes, will arise in cancer
cells treated in this manner (Fig. 1C).
The second approach involves identifying and targeting
fragile points that exist downstream of RTK coactivation networks (Fig. 1B). Due to the inherent plasticity of oncogenic
networks, it remains a challenge to determine a priori signaling nodes that sensitize cancer cells when perturbed therapeutically. A recent study shows that sensitivity analysis in
ODE-based models may be a promising technique toward
achieving this goal of predictive cancer biology. Employing
an ErbB network-based ODE model, Schoeberl and coworkers investigated the effects of EGFR ligand betacellulin
and ErbB3 ligand heregulin on multiple downstream ErbB
signaling outputs (6). By doing species-specific sensitivity
analyses (varying the levels of each species in the model
and determining its effect on the model output), they predicted that regardless of the ligand administered, ErbB3 is
the most sensitive node in the network that regulates AKT
phosphorylation. The authors experimentally validated this
prediction using an ErbB3-specific monoclonal antibody
MM-121 and showed that they could accurately simulate
the dose response of ErbB and AKT phosphorylation levels
upon antibody treatment. Although prior studies have largely
been limited to single cell types or groups of closely related
cell lines, the authors were able to extend the predictive
capability of the model to two additional cell types and three
distinct ErbB targeted therapeutics through the incorporation of cell- and drug-specific parameters such as receptor
abundance or kinetic rate constants. It has previously been
shown that that distinct cell types mediate cell-specific phenotypes through the use of common effector processing (18),
supporting the idea that computational models may be
extended to other cell types or stimuli through additional
data generation and model refinement. Although RTKs have
traditionally been considered as signal initiators or transducers,
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it would be interesting to establish if specific RTKs (e.g., ErbB3)
may themselves be part of the common effector processing
machinery in the context of an RTK coactivation network
and thus be amenable to therapeutic intervention. The study
by Schoeberl and colleagues highlights the power of sensitivity
analyses as a means of identifying fragile points in networks
and ODE-models as tools for predicting network-activity responses to therapeutics.

Conclusions
The emerging picture of RTK coactivation suggests that
cancer cells have evolved this mechanism to adapt and respond to challenges presented by exogeneous or intrinsic perturbations. The integrated signaling networks and phenotypes
arising from RTK coactivation are poorly annotated and will
require additional high-density signaling and biochemical
data sets to better inform existing computational modeling
efforts. Early examples of implementing kinetic models as well
as additional computational approaches such as statistical
modeling (10, 19) have shown promise in facilitating network
simulations and generating testable predictions pertinent to
RTK interactions. The challenge moving forward is to extend
these models to include diverse cell and tissue types that
incorporate complex influences such as the tumor micro-

environment or cell-tissue interactions in vivo. The success
of these efforts hinges on the development of new technologies
that are capable of generating quantitative in vivo signaling
assessments with spatial resolution (20), which will refine existing computational models that have been constructed using
in vitro data. We are optimistic that these systems-based
approaches will be useful in identifying fragile points that
are inherent in RTK coactivation networks and will have
a positive impact in the development of network-based
therapeutics for translation into the clinic.
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