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Abstract

Small molecule kinase inhibitors have proven enormously successful at delivering impressive

responses in patients with cancers as diverse as chronic myeloid-leukemia, melanoma, breast

cancer and small cell lung cancer. Despite this, resistance is commonplace and most patients

ultimately fail therapy. One emerging observation is the rapid rewiring of signaling that occurs

across multiple cancer types when driver oncogene function is inhibited. These adaptive signaling

changes, seem critical in delivering some of the earliest survival signals that allow small numbers

of cells to evade therapy. In this commentary we review the mechanisms that contribute to the

robustness of signaling networks within cancer cells and suggest new therapeutic strategies to

limit treatment failure.
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Introduction

The normal physiological behavior of a cell is dependent upon its ability to sense and react

to multiple signals from its internal milieu, the local and distant microenvironments and

neighboring cells. The summation of all of this information is channeled through a discrete

number of signaling pathways that dictate whether a cell should grow, move or alter its

metabolic state. Regulation of signals through these pathways occurs through changes in

phosphorylation, ubiquitination, and other post-translational modifications. Among the

pathways known to regulate the behavior of normal cells, the mitogen-activated protein

kinase (MAPK) and phosphoinositide-3 kinase (PI3K)/AKT pathways have consistently
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emerged as being some of the most critical for cell behavior and the development of cancer

[1, 2]. The recent years have seen considerable efforts directed towards the targeting of these

pathways through small molecule inhibitors. At this time a number of highly specific signal

transduction inhibitors directed against components of the MAPK and PI3K/AKT signaling

pathways are undergoing clinical evaluation in multiple cancers [3-7]. Although these drugs

frequently give encouraging results, the duration of effect is usually limited and most

patients fail therapy [4, 8-12]. It is now clear that oncogene-driven signaling networks are

highly plastic and adapt rapidly to reactivate the target pathway. The development of

strategies that limit these adaptive signaling process are expected to prove critical in

delivering more durable responses to patients on targeted cancer therapy. In this

commentary we will review our current understanding of how signaling networks adapt to

perturbations and will outline how this knowledge can be exploited therapeutically.

Physiological regulation of signaling networks

The prototypic signaling pathways for the majority of human cells are those driven by

receptor tyrosine kinases (RTKS). RTKs are cell surface receptors that bind to exogenous

ligands derived from the target, neighboring or distant cells and their activity drives many

cellular processes including proliferation, growth, differentiation and survival [13] (Figure

1). The human genome contains fifty-eight RTKs that are organized by amino acid sequence

and structure into 20 families [14]. Although diverse in their affinity for different ligands

and the structure of their extracellular domains, most RTKs share common molecular

features, particularly with regards to their highly conserved intracellular domains. RTKs

become activated following ligand binding which leads to receptor dimerization and the

recruitment of adaptor proteins that facilitate the activation of downstream signaling

pathways [14]. Some RTKs do not require any physical interaction between each other for

their activation and are instead activated through binding to their ligand. Despite the

existence of common activation mechanisms for most RTKs, exceptions do occur. There is

evidence that some RTKs, such as the Discoidin Domain Receptors (DDR1 and DDR2), are

instead stimulated through binding to components of the extracellular matrix [15].

Activation of RTKs leads to the recruitment and initiation of downstream signaling

pathways including those mediated by the small GTPase RAS (Figure 1). In normal cells,

activation of RAS occurs following the RTK autophosphorylation and the recruitment of

GRB2 adaptor molecules to the intracellular regions via SH2 domains [16]. This in turn

facilitates the recruitment of SOS (son of sevenless) to the plasma membrane via two SH3

domains and the exchange of GDP for GTP which switches RAS from its inactive (GDP-

bound) state to an active (GTP-bound) state [17]. Activation of RAS through GDP to GTP

exchange is mediated by a family of guanine nucleotide exchange factors (GEFs), that

include RASGRF, SOS1 and SOS2. GEFs accelerate GDP release by RAS, allowing more

robust GTP binding and activation [18]. The stimulatory effects of GEFs are counter

balanced by GTPase-activating proteins (GAPs), which promote rapid GTP hydrolysis,

returning RAS to its inactive state [18, 19]. Activated RAS then recruits and activates a

number of intracellular signaling cascades including the MAPK pathway (RAF/MEK/ERK)

the PI3K/AKT pathway and other signaling cascades including Ral-GDS, phospholipase C,

and other small G-proteins [19, 20] (Figure 1).
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The MAPK pathway is a key regulator of cell growth and survival and is constitutively

activated following the hyperactivation of RTKs, activating BRAF mutations, RAS

mutations, MEK mutations and loss of function mutations in negative pathway regulators

such as sprouty (SPRY) [21-24] (Figure 2). In the absence of activating mutations RAF

becomes activated following its dimerization and binding to RAS. The process of

dimerization leads to RAF stimulation through its phosphorylation at Ser338. The activation

of RAF leads in turn to the phosphorylation of MEK1 and MEK2 on two adjacent sites in

the activation segment (Ser218 and Ser222) [25]. Other kinases have also been discovered

capable of phosphorylating/activating MEK, including PAK1 and COT [26, 27]. The

activation of MEK1/MEK2 leads to the subsequent phosphorylation of ERK1 and ERK2 on

Thr202 and Tyr204. MEK1 and MEK2 are tyrosine and serine/threonine dual-specificity

kinases and although no other known targets beyond ERK proteins have been characterized,

activation of ERK regulates the downstream activity of more than 600 nuclear and

cytoplasmic targets (Figure 2). In melanoma, constitutive MAPK pathway signals drive cell

growth through increasing levels of cyclin D1 and by reducing expression of the cyclin

dependent kinase inhibitor p27KIP1 [28]. It can also enhance cell survival through the

phosphorylation and down regulation of the pro-apoptotic protein BIM and plays key roles

in increasing cell motility via regulation of the actin cytoskeleton [29-31].

The PI3K/AKT pathway is an important regulator of cell survival, motility, and cell

metabolism [32]. Its activation in cancer can be secondary to acquisition of RAS mutations,

constitutive RTK signaling mutations in pathway components such as PI3K and AKT, and

through loss of negative pathway regulators such as phosphatase and tensin homolog

(PTEN) and neurofibromatosis (NF)-1 [20, 33-35] (Figure 3). PI3K exists as multiple

isoforms and consists of a heterodimer comprising a p85 regulatory and a p110 catalytic

subunit [32]. Activation of PI3K occurs following RTK stimulation via adaptor proteins that

bind to the SH2 domain of the p85 subunit. The p110 domain can also be recruited

following the activation of RAS. PI3K then localizes to the inner leaflet of the cell

membrane and phosphorylates the phosphatidylinositol-4,5,bisphosphate ring (PIP2) at the

3′ position, converting PIP2 to PIP3 [32]. The downstream serine-threonine kinases PDK1

and AKT are then stimulated through the actions of PIP3. AKT has a critical role in cancer

development and regulates apoptosis by phosphorylating BAD; it also affects many other

pathways, including ribosomal S-6-kinase (S6K), forkhead (FOXO) and glycogen synthase

kinase-3 (GSK3β) [1, 36] (Figure 3).

The mTOR signaling module is an important part of the PI3K/AKT pathway that regulates

cell metabolism by integrating information about nutrient availability, growth factors and

the cells' energy state [37]. The function of mTOR is complicated, and involves the

formation of two separate complexes mTORC1 and mTORC2 that both function upstream

and downstream of AKT activation, respectively. The mTORC1 complex comprises mTOR,

RAPTOR, GBL/mLST8 and PRAS40 whereas mTORC2 consists of mTOR, Rictor, Protor,

mSIN1 and MLST8/GBL [38]. The two mTOR complexes subserve different functions,

with mTORC1 being primarily involved in the regulation of protein translation via S6K and

4E-BP1. In contrast, mTORC2 complex directly regulates AKT by phosphorylating it at

S473.

Rebecca and Smalley Page 3

Biochem Pharmacol. Author manuscript; available in PMC 2015 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Maintaining homeostasis in signaling pathways through feedback

inhibition and pathway inactivation

In normal cells, both MAPK and PI3K/AKT pathway activation engages homeostatic

mechanisms that eventually downregulate signaling throughput. These mechanisms of

regulation are critical for the maintenance of ordered signaling and are evolutionary

conserved from yeast. The central feature of the structures of both these pathways is

feedback inhibition; where the output of signals from multiple levels of the pathway

inactivates upstream signaling [39]. This network design conveys stability and robustness,

allowing the cell to respond rapidly as well as maintaining a stable “off” state [40]. It is

perhaps not surprising that malignant transformation, which often relies on unrestricted high

levels of signaling, is frequently associated with loss of feedback control [39].

In normal cells, induction of MAPK activity leads to its inactivation. One such inhibitory

mechanism, operating at the level of RAF is RAF kinase inhibitory protein (RKIP) [41]

(Figure 2). This protein, which was identified through a yeast-two hybrid screen, acts in a

competitive manner to prevent MEK phosphorylation by disrupting RAF/MEK interaction

[41]. Another level of control involves the spatial organization of the MAPK pathway

modules, which require close physical proximity for their activation; an effect mediated

through scaffolding proteins such as KSR1 (kinase suppressor of Ras) [42, 43]. Dual

specificity MAPK phosphatases (MKPs) are a family of discrete phosphatases (DUSPs) that

inactivate MAPK signaling, with DUSP6 (otherwise known as MKP3) and DUSP1 known

to bind to inactivate both ERK1 and ERK2 [44] (Figure 2). The SPRYs are another family

of proteins that negatively regulate signaling through multiple RTKs including EGFR, and

c-MET [23]. From a mechanistic standpoint, the SPRYs deactivate MAPK signaling through

an interaction with the catalytic domain of RAF, preventing MEK activation and by

sequestering the adaptor protein GRB2, which prevents signals being transduced from RTKs

to RAS [45]. Many of the negative modulators of the MAPK pathway, including the DUSPs

and the SPRYs are transcriptionally regulated by ERK, so that increased signaling output

ultimately deactivates the pathways [39, 40]. Cancer cells with a dependency upon MAPK

signaling often show impaired feedback inhibition. In BRAF mutant melanoma feedback

inhibition is disabled in part because the SPRY proteins are unable to bind to the

conformation of mutated BRAF [46, 47]. Interestingly, DUSP activity in BRAF mutant

melanoma cells remains functional, ensuring that phospho-ERK levels are not significantly

increased despite the output of the pathway being high [39].

Feedback inhibition also exists within the PI3K/AKT/mTOR signaling pathway. In non-

transformed cells, activation of the PI3K pathway through insulin like growth factor (IGF)-1

can be limited through decreased expression of the adaptor proteins IRS-1 and IRS-2, which

link IGF1R to PI3K [48] (Figure 3). This downregulation occurs as a result of PI3K

activating AKT, leading to enhanced mTOR and S6K kinase activity. Stimulation of S6K

leads to phosphorylation of IRS-1, and its degradation, leading to a disruption of signaling

between IGFR1 and PI3K [49, 50]. Further downstream, AKT signaling also participates in

feedback inhibition through the regulation of RTK expression [51, 52]. In this instance,

Rebecca and Smalley Page 4

Biochem Pharmacol. Author manuscript; available in PMC 2015 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



AKT modulates the transcription of RTKs through the phosphorylation and inactivation of

FOXO-family transcription factors [51] (Figure 3).

Adaptive signaling in the PI3K/AKT/mTOR pathway

The vast majority of cancers are initiated and sustained through the activity of oncogenes -

many of which drive signaling through the MAPK and the PI3K/AKT signaling pathways.

In some cases, tumors become dependent upon the activity of one oncogene for their growth

and survival, a state termed oncogene addiction. Examples of this are numerous and include

the Bcr-Abl fusion protein in chronic myeloid leukemia (CML), c-KIT signaling in

gastrointestinal stromal tumors (GIST), mutant KRAS in pancreatic cancer, EML4-ALK

fusions and EGFR in non-small cell lung cancer (NSCLC) and mutant BRAF in melanoma

and hairy cell leukemia [10, 22, 53-57]. The reliance of cancers upon one oncogene offers a

molecular weakness that can be targeted through small molecule inhibitors and is the basis

for targeted therapy.

Oncogene transformed cells exhibit high levels of feedback inhibition that is relieved

following treatment with targeted therapeutics or shRNA knockdown. This phenomenon has

been well described for inhibitors of the PI3K/AKT/mTOR pathway, with the abrogation of

feedback inhibition constituting a major mediator of resistance and therapeutic escape. One

of the first PI3K/AKT/mTOR pathway inhibitors to be developed was rapamycin, a

macrolide mTORC1 inhibitor derived from an Easter Island streptomycete. As a single

agent, the anti tumor activity of rapamycin was limited, partly through the relief of feedback

inhibition in the pathway leading to increased AKT signaling. Functional studies showed

that mTOR inhibition suppressed both IRS-1 and S6K activity, leading in turn to the

reciprocal activation of AKT, a finding confirmed both in vitro and in clinical studies of

glioblastoma [52, 58, 59] (Figure 3). The mechanism underlying this abrogation of feedback

inhibition was revealed by two independent proteomic studies that identified the adaptor

protein GRB10 as an mTORC1 target that negatively regulated PI3K signaling [60, 61]. In

this context, the rapamycin-mediated inhibition of mTORC1 led in turn to a decrease in

GRB10 stability, relieving its inhibition of PI3K, causing an increase in AKT signaling [60,

61]. Inhibition of one pathway can also stimulate reciprocal signaling in other parallel

pathways. An analysis of pre and post-treatment biopsies from patients receiving treatment

with the mTOR inhibitor RAD001 showed drug treatment to stimulate the MAPK pathway

through the relief of feedback inhibition at the level of IRS-1 and an enhancement of RAS

activity [58]. There is also evidence that increased MAPK activity can inhibit PI3K/AKT

signaling through a mechanism involving the EphA2 receptor mediated inhibition of RAS

activity [62].

The finding that mTORC1 inhibitors such as rapamycin paradoxically activated AKT

signaling through mTORC2 activation led to the development of combined mTORC1/2

inhibitors. Although it was expected that combined mTORC1/2 inhibition would limit the

rebound AKT signaling it was instead observed that although phosphorylation of AKT was

decreased in a sustained manner at Ser473 it was only transiently inhibited at Thr308 [63]. A

more in-depth analysis showed mTORC inhibition to initially block AKT signaling followed

by the relief of feedback inhibition at the RTK level, the recruitment of PI3K and the
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reactivation of AKT [63]. Multiple RTKs were involved in the recovery of AKT activity

including HER kinases (HER2, 3 and 4 and EGFR), IGFR1-R, and multiple FGFR

receptors. The reactivation of PI3K/AKT signaling was blocked by treatment with either

class I PI3K inhibitors or the HER family kinase inhibitor lapatinib [63]. The in vivo

relevance of PI3K/AKT reactivation was confirmed in animal xenograft studies with tumor

regression being seen following treatment with the combination of an mTOR kinase

inhibitor with the HER kinase inhibitor lapatinib [63].

The reliance of many cancer cells upon the PI3K/AKT pathway has also led to the

development of small molecule AKT inhibitors including MK-2206, GSK690693,

GDC0068 and AZ5363. Like mTOR inhibitors, AKT inhibitors are also associated with

adaptive signaling and the relief of feedback inhibition, albeit in a subtly different manner.

In many cell lines, AKT inhibition led to decreased activity through the pathway followed

by reactivation some hours later [51]. Experimental studies showed the recovery of signaling

to be associated with the induction of a restricted set of RTKs that included HER3, IGF1R

and the insulin receptor [51]. From a signaling standpoint, AKT inhibition led to the

increased association of HER3 with HER2, an increase in HER3 phosphorylation and the

recruitment and activation of PI3K The increase in RTK expression was dependent upon

AKT inhibition and could be recapitulated by the siRNA knockdown of each AKT isoform.

Inhibition of AKT directly modulated RTK expression through regulation of FOXO

transcription factors, with chromatin immunoprecipitation (CHIP) assays showing AKT

inhibitors to directly increase the level of FOXO3 binding to the RTK promoters. The

effects of AKT inhibitors upon RTK upregulation could be reversed following siRNA

knockdown of FOXO3a [51]. The role of adaptive HER kinase expression in the escape

from AKT inhibitor therapy was further demonstrated in vivo, where the combination of an

AKT inhibitor with either lapatinib or gefitinib led to significant tumor regression [51].

Previous studies have shown that both TORC1 inhibitors and some PI3K inhibitors can also

increase HER3 signaling suggesting that TORC1 inhibition may underlie part of the

observed effects of AKT inhibition. However in this instance it was noted that rapamycin

was much weaker at upregulating HER3 than AKT inhibition and did not induce the same

cohort of RTKs [64, 65].

RAS mutations are some of the most common driver events in cancer, and occur in up to

20% of all tumors [20]. The frequency of these mutations, coupled with the multiplicity of

signaling pathways activated through RAS has made this a highly attractive therapeutic

target [21]. Although attempts to target RAS through the inhibition of its post-translational

processing were initially unsuccessful there has been renewed interest in developing novel

RAS inhibitors that target different binding domains [66]. One approach has been to utilize

binding to the cysteine in KRAS G12 as a mechanism to achieve selectivity for mutant KRAS

over the wild-type [67]. Another strategy depends upon the direct targeting of the interaction

between KRAS and the prenyl binding protein PDEδ (which maintains KRAS signaling by

localizing it to the endomembrane) [68]. Despite RAS being one of the most potentially

appealing therapeutic targets in cancer, it is also subject to feedback inhibition. It is already

known from studies in colorectal carcinoma that the shRNA mediated downregulation of

KRAS leads to both the inhibition of MAPK signaling and a paradoxical increase in
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phospho-AKT [69]. In this case, KRAS knockdown increased the association between PI3K

and IGFR1, and increased AKT signaling. The importance of RTK signaling for the PI3K-

mediated escape from KRAS inhibition was demonstrated by the observation that combined

treatment with inhibitors of IGF1R and MEK inhibition enhanced levels of cytotoxicity in

vivo compared to either agent alone [69].

Negative feedback and adaptive resistance in the MAPK pathway

The discovery that 8% of all cancers harbor activating BRAF mutations has raised interest in

targeting the MAPK signaling pathway. It is now known that 50% of cutaneous melanomas,

100% of hairy cell leukemias as well as lower percentages ovarian cancer, multiple

myeloma, thyroid carcinoma, colorectal carcinoma and lung cancer all harbor BRAF

mutations [22, 53, 70-73]. In preclinical studies, BRAF mutant melanoma cell lines and

xenografts were highly sensitive to BRAF inhibitors such as vemurafenib and dabrafenib,

with cell cycle arrest, apoptosis induction and ER-stress induction being observed [74-76].

In clinical trials, BRAF inhibitor therapy was associated with impressive levels of tumor

shrinkage and significant improvements in PFS compared to patients treated with the then

standard-of-care dacarbazine [4]. Unfortunately, the majority of patients on vemurafenib and

dabrafenib therapy relapsed after relatively short time periods (median PFS 5.1 and 5.3

months respectively). Pharmacodynamic analysis of post-treatment biopsies from patients

on vemurafenib therapy showed that >90% pathway inhibition was required for clinical

benefit, suggesting that low-level pathway recovery facilitated therapeutic escape [77].

Further studies showed reactivation of MAPK signaling to be prevalent in the majority

(>70%) of post-relapse specimens, identifying this as the major mechanism of treatment

failure [78].

One surprise early preclinical finding was the rapidity of MAPK pathway reactivation

following BRAF inhibitor treatment, with some level of pERK signaling recovering

following 24-48 hr of drug treatment [79]. An in-depth mechanistic analysis of BRAF

mutant melanoma cells showed RAS signaling to be very low when the BRAF inhibitor was

absent and that this occurred in conjunction with a reduced sensitivity to exogenous growth

factors [80]. In the absence of drug, the cells exhibited a high level of output from the

MAPK pathway, and showed strong feedback inhibition at the level of RAS, mediated

through SPRY2 and DUSP6 [80]. With applied BRAF or MEK inhibitor treatment, the

feedback inhibition upon RAS was relieved through the downregulation of SPRY2 and

DUSP6 expression (Figure 2). At this point the cells regained sensitivity to signals mediated

through growth factors such as EGF, which induced the reactivation of the

Ras/Raf/MEK/ERK signaling pathway. Interestingly knockdown of SPRY2 was found to

both increase the activity of RAS and RAF and decrease the sensitivity of the cells to BRAF

inhibition [80]. The effects of BRAF inhibition on adaptive RTK signaling are known to be

manifold. In addition to relieving the feedback inhibition upon RTK signals, BRAF

inhibition was also found to increase RTK expression. Some of the earliest studies on BRAF

inhibitor resistance proposed elevated RTK signaling (particularly IGF1R and PDGFR) to

be mechanisms of acquired BRAF inhibitor resistance [81, 82]. It now seems likely that

RTK signaling may be critical at the earliest stages of drug resistance and allows minor
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populations of cells to survive drug treatment, remaining in a semi-dormant state until

secondary driver mutations are acquired.

Like adaptive signaling in the PI3K/AKT pathway, BRAF inhibitor treatment is also

dependent upon members of the forkhead box transcription factor family. In BRAF mutant

melanoma, the stemness factor FOXD3 was identified as a potential regulator of adaptive

RTK expression following BRAF inhibition [83, 84] (Figure 2). Use of a combined

microarray/CHIP-seq analysis showed FOXD3 to be upregulated following BRAF/MEK

inhibition and that this increased the transcription of the RTK ERBB3/HER3. In this context

the HER3 dimerized with HER2 and showed an increased responsiveness to neuregulin that

mediated resistance to vemurafenib through the PI3K/AKT pathway [84]. Interestingly, the

increased HER3 signaling seen following vemurafenib treatment was dependent upon

continual drug selection pressure, and could be reversed upon drug withdrawal leading to an

impaired neuregulin response [84]. Recent work from our lab showed adaptive RTK

signaling to also occur when NRAS mutant melanoma cell lines were treated with MEK

inhibitors. In this instance PDGFR-B emerged as the critical receptor involved in therapeutic

escape with co-treatment with the MEK inhibitor AZD6244 and the PDGFR inhibitor

crenolanib leading to an increased apoptotic response compared to either drug alone [85].

The role of adaptive RTK signaling in the escape from MEK inhibition has also been

comprehensively studied in triple-negative breast cancer. A quantitative chemical

proteomics approach was developed in which multiplexed kinase inhibitor beads and mass

spectrometry was used to interrogate the activity of the kinome following treatment with the

MEK inhibitors U0126 and AZD6244 [86]. It was found that inhibition of MEK was

associated with a rapid rewiring of kinase signaling, with alterations seen in virtually every

branch of the tyrosine and serine/threonine kinase family. One of the major mechanisms of

resistance identified from these studies was the recovery of MAPK signaling associated with

increased expression and activity of multiple RTKs including PDGFR, VEGFR2, HER3,

DDR1, RON and AXL [86]. The increase in RTK expression was mirrored by enhanced

expression of growth factors including EGF, GAS6, PDGF-B and PDGF-D, suggesting that

multiple autocrine signaling loops were being established. At the transcriptional level, MEK

inhibition led to decreased c-Myc stability and expression and a destabilization of Myc-Max

complexes leading to increased RTK expression [86]. Co-treatment of triple negative breast

cancer cell lines and a C3-Tag mouse model of breast cancer with the combination of a

MEK inhibitor and the pan-RTK inhibitor sorafenib showed synergistic anti-tumor activity.

Increased RTK signaling has also been identified as a mechanism of intrinsic resistance in

some tumors that harbor BRAF mutations. In colon carcinoma BRAF mutations often co-

occur with high levels of EGFR expression [73, 87]. Upon treatment with BRAF inhibitors,

adaptive signaling through EGFR and RAS abrogates the response to these drugs and it has

been suggested that better therapeutic responses could be achieved through co-targeting of

BRAF and EGFR [73, 87]. Similar findings have also been noted in BRAF mutant papillary

thyroid carcinomas, where vemurafenib treatment is associated with increased expression

and signaling through HER3, limiting the efficacy of the BRAF inhibitor [88]. Other studies

have shown that growth factors emanating from the host microenvironment, such as those

derived from endothelial cells and fibroblasts can also drive the adaptive signaling to kinase
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inhibition. There is already evidence that resistance to the ALK inhibitor crizotinib can be

mediated by host-derived EGF and HGF and that the escape of melanoma cells from

vemurafenib is driven through HGF released from stromal fibroblasts [89, 90].

Future perspectives: limiting adaptive signaling responses

Small molecule kinase inhibitors have proven highly effective at delivering impressive but

short-lived responses to patients with a diverse range of advanced cancers. Adaptive

signaling seems critical for both the intrinsic resistance (such as the lack of response to

BRAF inhibitors in colon cancer) and the earliest stages of therapeutic adaptation (to BRAF,

MEK, AKT and mTOR inhibitors). The data thus far has identified multiple mechanisms of

escape including relief of feedback inhibition, cross-talk between parallel pathways and

increased RTK signaling. The development of strategies to limit this escape is likely to

prove critical in improving the long-term durability and responsiveness to these drugs.

The observation that ERK signaling becomes reactivated following BRAF inhibition led to

an interest in targeting the MAPK pathway at two (or more) points – a strategy termed

vertical pathway inhibition. Initial preclinical studies demonstrated that the reactivation of

ERK signaling could be abrogated through the co-targeting of BRAF and MEK and showed

that this limited therapeutic escape by enhancing the level of apoptosis and preventing

reentry into the cell cycle [79, 80]. In a phase II clinical trial, the use of dabrafenib (a BRAF

inhibitor) in combination with trametinib (a MEK inhibitor) was associated with an

increased PFS compared to dabrafenib alone [91]. The BRAF/MEK inhibitor combination

received accelerated FDA-approval in early 2014 on the basis of these data. Despite the

increase in PFS seen to the combination, therapeutic escape still occurred and early

indications suggest this is mediated through resistance mechanisms similar to those seen to

single-agent BRAF inhibitor therapy (e.g. MEK mutations, BRAF splice-mutants etc) [92].

Other vertical pathway combinations, including the co-targeting of BRAF and ERK and

MEK and ERK, are being explored preclinically at this time.

Many of the proteins known to be involved in adaptive signaling; including RTKs and

components of the MAPK and PI3K pathways have been identified as clients of heat shock

protein 90 and rely upon its chaperone function for proper protein folding and stability. At

this time >200 proteins have been identified as clients as HSP90, making these very broadly

targeted drugs. Although HSP90 inhibitors have had a checkered clinical history, promising

activity has been seen when HSP90 inhibitors are used as drug combination partners. In

patients with HER2-positive breast cancer who progressed on trastuzumab therapy, the

combination of trastuzumab with the HSP90 inhibitor tanespimycin showed clinical

responses by RECIST criteria [93]. There is also evidence that HSP90 inhibitors can

overcome resistance to proteasome inhibitors in multiple myeloma [94].

HSP90 inhibitors are expected to enhance the efficacy of multiple targeted therapies by

limiting adaptive responses. In lung cancer, the combination of an EGFR inhibitor with an

HSP90 inhibitor is effective against resistance mediated through the EGFR T790M mutation

and MET amplification [95, 96]. In melanoma, virtually every protein implicated thus far in

both acquired and intrinsic BRAF inhibitor resistance is known to be an HSP client. Work
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from our lab demonstrated the HSP90 inhibitor XL888 to be highly effective at abrogating

BRAF inhibitor resistance mediated through multiple mechanisms including PDGFR

overexpression, NRAS mutation, COT amplification and PTEN loss [97]. These findings

were confirmed by two other preclinical studies that demonstrated HSP90 inhibition to be

effective at reversing acquired BRAF inhibitor resistance [98, 99]. In animal models, the

HSP90 inhibitor ganetespib led to the regression of vemurafenib resistant xenografts

following combination with a MEK inhibitor [99]. A phase I clinical trial evaluating the

frontline combination of vemurafenib + XL888 (NCT01657591) in unresectable BRAF

mutant melanoma is close to achieving its accrual goals, with early evidence of clinical

response.

Another therapeutic strategy being actively explored is the design of MAPK targeted drugs

that limit feedback inhibition. In BRAF mutant tumors, such as melanoma, BRAF and MEK

inhibitors have good efficacy, an effect due in part to the fact that feedback inhibition is

disabled at the level of RAS but remains effective at the level of MEK. RAS mutant tumors

are less sensitive to MEK inhibitors because feedback inhibition remains intact and the

inhibition of MEK is associated with a rapid induction of MEK phosphorylation. A

systematic investigation of the mechanism of MEK reactivation through means of an siRNA

screen showed CRAF to be critical for MEK stimulation and that CRAF/MEK complexes

showed a reduced sensitivity to MEK inhibitors [100]. Allosteric MEK inhibitors such as

CH5126766 inhibit both RAF and MEK function and prevent the reactivation of MEK

associated with relief of feedback inhibition [101]. In KRAS mutant HCT116 colon

carcinoma xenografts, CH5126766 prevented the reactivation of MEK signaling and

induced a greater level of tumor regression than the MEK inhibitor PD0325901 [101].

Combination strategies to prevent adaptive RTK signaling following PI3K/AKT/mTOR

signaling are focusing upon the targeting of HER family RTKs and IGF1R. At this stage it is

not clear which level of the pathway will need to be targeted to achieve the greatest

therapeutic index (e.g. mTOR, AKT etc) and whether the patterns of adaptive RTK

signaling are specific to individual tumors or defined tumor histologies (e.g. do breast

tumors show different patterns of RTK signaling than lung cancers). There is however a

strong preclinical rationale for the co-targeting of PI3K with HER kinases and a number of

clinical trials in lung cancer are currently recruiting to investigate this (Table 1).

The development of targeted cancer therapies that deliver durable responses to patients is

likely to depend upon an in-depth knowledge of how cancer cells adapt to kinase inhibition

through the abrogation of feedback inhibition. Newer generations of MEK inhibitors that

prevent RAF/MEK binding, combined mTOR/PI3K inhibitors and vertical pathway

inhibition are strategies that may limit the recovery of signaling in some of the key pathways

required for oncogene-mediated tumor progression. Further strategies will likely depend

upon the co-targeting of MEK or AKT in conjunction with multiple RTKs. These

approaches are likely to require further personalization and tools to interrogate adaptations

in tumors undergoing therapy. It is our hope that the development of these and similar

approaches will allow us to achieve the ultimate goal of reducing cancer to the level of a

chronic disease.
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Figure 1. Physiological receptor tyrosine kinase signaling
Figure shows the common signaling cascades initiated from upstream RTK activity,

resulting in the activation of MAPK, PI3K/AKT/mTOR, JAK/STAT and SRC activity along

with the regulation of diverse cellular processes.
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Figure 2. MAPK pathway signaling plasticity
A. Upon upstream activation, RAS becomes activated, resulting in signal transduction

through RAF, MEK and ERK. The MAPK pathway can turn itself off via negative feedback

loops at multiple nodes to prevent hyperactivity. Inhibitory function shown as red arrows;

activating functions are shown as black arrows. B. Characterized oncogenic mutations in the

MAPK pathway are shown in yellow. C. A simplified schema of adaptive MAPK signaling

following pathway inhibition.
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Figure 3. PI3K/AKT/mTOR pathway signaling plasticity
A. PI3K can become active, under physiologic conditions, via upstream RTK signaling

and/or RAS. Activation of PI3K leads to downstream signal amplification through AKT and

mTOR, resulting in increased protein translation, proliferation and survival. The PI3K/AKT/

mTOR signaling axis can regulate its own activity through the negative feedback loops

shown, as well as from negative pathway regulators PTEN and NF-1. B. Known nodes

within the pathway mutated/hyperactivated in cancer are shown. C. Adaptive signaling in

response to PI3K/AKT/mTOR inhibition is shown, resulting in therapy evasion.
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Table 1

Active or recently completed phase I/II clinical trails with combinatorial RTK targeted strategies.

RTK Inhibitor Second Agent Clinical Trial Number Status

Dasatinib(c-Kit/ephrins) Erlotinib (EGFR) NCT00444015 Completed

Afatinib (Her2/EGFR) Dasatinib (c-Kit, ephrins) NCT01999985 Recruiting

Erlotinib (EGFR) Docetaxol (chemo) NCT00054275 Completed

PF-02341066 (c-MET) PF-00299804 (pan-HER) NCT01121575 Completed

Imatinib (PDGFR) LBH589 (HDAC inhibitor) NCT01175109 Active, not recruiting

Gefitinib (EGFR) Cetuximab (EGFR) NCT00820417 Completed

Lapatinib (Her2/EGFR) MK-2206 (AKT) NCT01281163 Active, not recruiting

Gefitinib (EGFR) Docetaxol (chemo) NCT01746277 Recruiting

Erlotinib (EGFR) Pemetrexed/Carboplatin(chemo) NCT02066038 Active, not recruiting

Erlotinib (EGFR) Bevacizumab (VEGF-1) NCT01532089 Recruiting

Vatalanib (VEGFR) Gemcitabine (chemo) NCT00185588 Completed

Enzalutamide (Androgen-R) Gemcitabine/Paclitaxel(chemo) NCT02138383 Recruiting

Sorafenib (VEGFR2/PDGFRβ) Cetuximab (EGFR) NCT00326495 Recruiting

Vandetanib (VEGFR/EGFR/RET) AZD6244 (MEK) NCT01586624 Recruiting

Dasatinib (c-Kit/ephrins) Fulvestrant (Estrogen-R agonist) NCT00754325 Completed

Erlotinib (EGFR) Tivantinib (c-MET) NCT01244191 Active, not recruiting
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