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Abstract

Targeted therapy has proven to be beneficial at producing significant responses in patients with a 

wide variety of cancers. Despite initially impressive responses, most individuals ultimately fail 

these therapies and show signs of drug resistance. Very few patients are ever cured. Emerging 

evidence suggests that treatment of cancer cells with kinase inhibitors leads a minor population of 

cells to undergo a phenotypic switch to a more embryonic-like state. The adoption of this state, 

which is analogous to an epithelial-to-mesenchymal transition, is associated with drug resistance 

and increased tumor aggressiveness. In this commentary we will provide a comprehensive analysis 

of the mechanisms that underlie the embryonic reversion that occurs on targeted cancer therapy 

and will review potential novel therapeutic strategies designed to eradicate the escaping cells.
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1. Introduction

For decades, the chemotherapeutic treatment of cancer has relied upon non-specific 

cytotoxic drugs which target rapidly dividing cells through the initiation of DNA damage, 

the stabilization of microtubules or the inhibition of nucleotide metabolism [1]. While being 

effective at killing cells with high proliferative rates, these therapies also target normal cell 

populations with rapid turnover, such as the cells of the hair follicles, the bone marrow and 

linings of the gut, leading to significant toxicity. A more effective approach to cancer 

therapy is the direct targeting of the genetic aberrations in the oncogenes that drive cancer 

development and progression - a strategy termed targeted therapy. As tumors typically have 

complex mutational profiles and a high level of redundancy in the pathways that drive 

growth and survival, targeted therapies work best in cases where the cancer is addicted to the 

activity of one oncogene for their growth and survival.

One of the first targeted therapies to be developed was imatinib, a Bcr-Abl kinase 

inhibitor/c-KIT inhibitor, with activity in chronic myeloid leukemia (CML) harboring the 

Bcr-Abl fusion protein and c-KIT mutant gastrointestinal stromal tumors (GIST), 

respectively[2, 3]. Following this, targeted therapies have since been developed for many 

other cancers where driver oncogenes have been identified including EGFR mutant/

expressing lung cancer/breast cancer/colorectal carcinoma, BRAF-mutant melanoma/hairy 

cell leukemia and Alk-mutant non-small cell lung cancer (NSCLC) [4–6]. Although drugs 

developed against these targets have revolutionized the treatment of many cancers, therapy 

failure is common with resistance usually associated with reactivation of the initial 

oncogenic pathway. The reactivation of signaling can be mediated through secondary 

mutations in the target gene of interest e.g. T790M mutations in EGFR, T315 mutations in 

Abl and L1196M mutations in Alk [7–9]. Escape from therapy can also be driven through 

the activation of bypass pathways, e.g. NRAS, MEK and BRAF-splice mutations in the case 

of BRAF inhibitor failure in melanoma and increased c-MET signaling in the case of 

erlotinib resistant lung cancer [10–12]. Although resistance is often genetically mediated, it 

does not always arise from pre-existing mutation bearing clones and often takes time to 

develop. The exact sequence of events that occur in between initial drug response and the 

emergence of fully resistant cells are not well understood. There is a growing body of 

evidence that suggests acquired resistance is non-genetically mediated, and is independent of 

secondary genetic events. This process of phenotypic adaptation, which allows tumor cells 

to dedifferentiate and adopt a more primitive embryonic state, is likely to contribute to 

therapeutic escape and may also increase the dissemination of the resistant tumor cells to 

other sites. There also seems to be some overlap between the therapeutically adapted state 

and that of so-called cancer “stem cells” - which also show phenotypic plasticity, slow 

growth and drug resistance. Defining and therapeutically targeting this phenotypic state is 

likely to be critical to the effective long-term management of many advanced cancers in 

which targeted therapy is used. In this review we will outline some of the mechanisms that 
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underlie the phenotypic switch in cancer cells and will describe how this contributes both to 

therapy escape and drug resistance. The majority of our focus will be upon BRAF mutant 

melanoma and EGFR driven lung cancer.

2. The phenomenon of phenotype switching in normal physiology

Recent work has suggested that the phenotypic adaptation of cancer cells in the escape from 

therapy is akin to that of an epithelial-to-mesenchymal (EMT) transition, the widely 

conserved developmental process that permits the conversion of epithelial cells to a more 

mesenchymal-like state[13]. Under normal physiology, epithelial cells exist as organized 

sheets of cells that serve both as a protective barrier as well as well performing important 

secretory functions. Polarity and organization within the epithelial cell layers is achieved 

through E-cadherin based adherens junctions, tight junctions and connexins. The adhesion 

mediated through E-cadherin and tight junctions maintain the architecture and integrity of 

the epithelium and allow for the directed flow and transport of ions, nutrients and growth 

factors [14]. Mesenchymal cells, in contrast, are more supportive and play a role in 

extracellular matrix (ECM)-deposition, serve as tissue scaffolds and have critical roles in the 

repair of tissue damage and wound healing [14]. During embryonic development, some 

polarized epithelial cells dedifferentiate, downregulate their tight E-cadherin mediated 

adhesion and alter their morphology. These changes allow the cells to exit the epithelial 

environment and migrate to new locations, after which they redifferentiate, reacquire their 

ordered epithelial morphology and restore their cell-cell adhesions with other neighboring 

cells, a process known as mesenchymal to epithelial transition (MET).

The induction of the EMT is dependent upon complex functional networks involving at least 

3 families of transcription factors which alter the expression of many genes important for 

decreased cell adhesion, increased cell migration and mesenchymal differentiation. One 

family, the Snail Zinc-finger transcription factors, including Snail1 and Slug, play a key role 

in EMT induction through their repressive effects upon E-cadherin through direct binding to 

the E-boxes of the CDH1 promoter [15]. Snail1 has also been shown to upregulate the 

mesenchymal markers fibronectin and vimentin[16] while both Snail1 and Slug have been 

implicated in metastasis[17]. Another group of EMT-associated transcription factors are the 

basic helix–loop–helix (bHLH) family members Twist1 and Twist2. Both Twist1 and Twist2 

have been implicated in EMT through their ability to induce a stem-like state and to repress 

E-cadherin expression through the induction of Snail family transcription factors[18]. The 

final group of EMT-associated transcription factors is the homeobox family, comprising 

ZEB1, ZEB2 and NANOG. Both ZEB1 and ZEB2 decrease the transcription of E-

cadherin[19], with ZEB1 being further shown to repress miRNA-203 and miRNA-200 

expression[20]. ZEB2 also has a role in the downregulation of transcripts encoding P-

cadherin, claudin 4, and the tight junction protein 3 (ZO-3)[21]. NANOG regulates EMT 

through decreasing levels of E-cadherin expression while increasing the expression of 

vimentin, β-catenin and Snail[22, 23].

The role of EMT in cancer is well known and represents one mechanism by which non-

motile, polarized, epithelial cells dedifferentiate and acquire a more invasive and mobile 

phenotype[24]. Induction of these EMT-associated transcription factors can also arise 
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following microenvironmental signals including transforming growth factor-β (TGF-β) 

superfamily, the WNT family, and growth factors from the fibroblast growth factor (FGF) 

family. Among these, the TGF-β pathway is a primary driver of EMT[25] with the ability to 

induce all three EMT transcription factor families including Snail1/Slug, ZEB1/2, and 

Twist1[26]. TGF-β family members often remain in a latent form through their binding to 

several binding factors and their activation occurs by binding to membrane receptor serine/

threonine kinases I/II, serving as a connector to Smad proteins[27]. TGF-β/Smad signaling 

induces EMT in cooperation with other signaling pathways, which can include Ras 

activation [28] and Wnt/β-catenin[29]. TGF-β itself is secreted by nearby stromal fibroblasts 

in response to tumor-derived signals or other stresses [30]. The fibroblasts are important 

regulators in this context and they can modulate the expression of smooth muscle actin (α-

SMA), FGF and collagen which also lead to EMT induction[31]. While TNFα plays a vital 

role in the regulation and homeostasis of immune cells, it has also been shown to induce 

expression of EMT transcription factors such as Snail1 via the activation of NF-κB[32] and 

Twist1 via activation of IKK-β[33]. TNFα also has been shown to decrease the expression 

of E-cadherin and upregulate vimentin [34]. Within a tumor, EMT does not occur uniformly, 

with a greater proportion of mesenchymal cells being observed at the leading edge and in 

areas of hypoxia. The role of EMT in tumor progression has been widely discussed 

elsewhere, and the reader is directed to the following excellent articles for a more thorough 

discussion of this topic[35–38].

3. Phenotypic adaptation as a mediator of drug resistance

One of the major unanswered questions in the study of drug resistance is whether 

therapeutic escape result from the selection of pre-exiting rare clones of cells harboring 

resistance mutations or instead emerges from an evolutionary process in the cells that escape 

the initial therapeutic insult, allowing the later emergence of resistance conferring mutations. 

As the majority of patients receiving targeted therapy show at least some level of response, it 

seems likely that the second “adaptation dependent-resistance” process is critical for the 

emergence of resistance in most cases and that phenotypic adaptation is a key part of this.

Baseline or stochastic variability exists even within genetically homogeneous populations of 

cancer cells. This heterogeneity is often non-genetically mediated and instead results from 

the normal cell-to-cell fluctuations in mRNA and protein expression. Within a large 

population of cells this variability often results in a wide range of cell states and phenotypes 

that are not fixed and readily switchable. At the simplest level, the basal level of phenotypic 

diversity likely explains why some cancer cells always evade therapy. This phenomenon has 

been elegantly demonstrated in a study in which multiple proteins were fluorescently tagged 

in individual cells [39]. The cells were then treated with drug and the temporal and spatial 

behavior of individual proteins followed by time-lapse microscopy. As expected, this initial 

step of therapeutic escape was dependent upon the protein expression at the single cell level, 

with examples given where two (presumably genetically identical) daughter cells from the 

same parent experienced vastly different fates (apoptosis vs. survival) following drug 

treatment. A number of proteins were identified whose level of expression determined 

outcome including BAG2/BAG3, calmodulin and ribosomal protein RPS3 [39]. A second 

study, again using time-lapse microscopy, also demonstrated that the initial fate of drug 
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treated cells was not genetically mediated and resulted instead from differences in protein 

dynamics between individual cells. In this instance, two potential protein networks, one 

caspase-driven and the other Cyclin B1-dependent, were identified that determined cell fate 

[40].

It is likely that baseline variability in mRNA and protein expression within a population 

defines the mix of cellular states prior to therapy and therefore which cells best tolerate drug 

exposure. This transient state, while important for initial escape, is not likely to be sufficient 

for prolonged persistence in the presence of drug. There is growing evidence that long-term 

persistence is instead dependent upon an altered epigenetic state characterized by a slow-

growth phenotype that can be maintained for prolonged periods of time [41, 42]. In this 

state, limited numbers of cancer cells remain quiescent before beginning to regrow in the 

presence of drug. The emergence of this persister phenotype has been demonstrated across 

multiple cancer cell lines following treatment with all major classes of anti-cancer drugs, 

including kinase inhibitors and more traditional chemotherapeutic drugs. The persister state 

is reversible and non-genetically mediated with studies showing single cells to give rise to 

both persister daughter cells and non-persister daughter cells [41] (Figure 1).

The role of the persister state and its relationship to the eventual emergence of genetically 

mediated drug resistance remained obscure for many years. Recent work in NSCLC has 

shed light on this and has provided new insights linking phenotypic adaptation to acquired 

drug resistance [43, 44]. Initial studies showed that the treatment of individual PC9 cells 

with the EGFR gefinitib was associated with two modes of drug resistance, one arising 

rapidly and the other being very slow to emerge [43]. Use of a highly sensitive quantitative 

PCR assay revealed the clones developing early resistance to harbor a pre-existing T790M 

resistance-conferring EGFR mutation whereas the slower growing clones did not. Instead, it 

was found that the slower growing persister clones acquired the EGFR T790M at a much 

later time point (34–47 weeks after treatment initiation) and that this clone then rapidly took 

over the population [43]. Gene set enrichment analysis revealed the persister population to 

have an expression profile that was EMT-like [43]. Surprisingly, it was found that the late-

onset resistance cells maintained their drug tolerance following the acquisition of the EGFR 

T790M mutation and had an impaired apoptotic response to the third generation EGFR 

inhibitor WZ4002, whereas the early onset resistant cells did not [43].

Further support for the role of the persister state in the emergence of resistance came from 

other work in NSCLC, in which 17 persister-derived drug resistant cell lines were derived 

from one single PC-9 cell [44]. It was found that in addition to developing EGFR inhibitor 

resistance the cells also exhibited cross-tolerance to other drugs such as aurora kinase 

inhibitors and chemotherapeutics. Whole exome sequencing of the 17 cell lines revealed a 

diverse array of resistance mechanisms that ranged from the EGFR T790M mutation, to 

MET amplification, NRAS mutations and CRAF amplification [44] (Figure 1). For many of 

the clones, resistance mechanisms could not be identified. Unlike the prior study the cells 

did not appear to undergo a switch to an EMT-like state, nor was any activation of the 

receptor tyrosine kinases (RTK) IGF1R and Axl or the NF-κB signaling pathway noted. The 

authors concluded that the persister state constituted a pool of cells from which diverse 

resistance mechanisms could emerge[44]. It still remains to be determined whether the 
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persister cell population constitutes a pool of cells with diverse mutations that eventually 

grow out in the presence of drug or whether this represents a “mutatable” state that permits 

clones to adapt to continuous drug exposure through the acquisition of novel genetic 

mutations.

The role of phenotypic adaptations, such as the induction of an EMT, in therapeutic escape 

and drug resistance has long been suspected. Anaylsis of circulating tumor cells (CTCs) 

from breast cancer patients, where cells were scored according to whether they were more 

epithelial-like or mesenchymal–like, revealed a strong association between therapy response 

and an epithelial-like CTC population and therapy failure and a more mesenchymal state 

[45]. These findings are also supported by multiple studies on chemotherapy drugs. It is 

known in breast cancer that EMT-induction mediates resistance through increased AKT 

signaling and decreased estrogen receptor expression secondary to Twist-1 upregulation [46, 

47]. In prostate cancer, EMT can mediate gemcitabine resistance as a result of increased 

Notch signaling [48]. Morevover, chemoresistance, secondary to an impaired apoptotic 

response to paclitaxel, is known to be associated with increased Snail1/Slug expression in 

ovarian carcinoma[49] (Figure 1).

Mechanisms underlying phenotype switching

Although phenotypic switching and the adoption of a persister state appears to be a common 

response to drugs across multiple cancer types, the mechanisms of induction can often be 

lineage specific. Much of the important work in this area has been done on BRAF-mutant 

melanomas following treatment with BRAF inhibitors. For many years, melanoma was 

thought to be refractory to all therapeutic interventions and survival rates for patients with 

disseminated disease were historically low [50]. In 2002 it was discovered that ~50% of all 

cutaneous melanoma harbored activating mutations in the serine-threonine kinase BRAF, 

with clinical studies showing mutant BRAF to be a bona fide therapeutic target for patients 

with this disease [51–53]. Despite initially impressive responses, most patients eventually 

failed on therapy [54]. Acquired BRAF inhibitor resistance was associated with reactivation 

of the mitogen activated protein kinase (MAPK) pathway mediated through multiple 

mechanisms including BRAF-splice mutations, NRAS mutations and MEK1/2 mutations 

[10–12]. Although great progress has been made determining the genetic mechanisms 

underlying acquired resistance, the role of phenotypic adaptation in the onset of resistance 

was determined only recently. Some of the initial insights into the process of adaptation 

came from the observation that BRAF and MEK inhibitor treatment led to a rapid recovery 

of phospho-ERK levels and an increase in signaling through RTKs such as EGFR, ERBB3, 

c-MET, PDGFR and IGF1R [10, 55–58]. It was noted that although levels of RTK 

expression increased, the melanoma cells did not necessarily produce their own autocrine 

neuregulin and HGF, which instead came from host cells, such as fibroblasts [59, 60]. 

Although the RTK signaling was found to be important for survival, the persisting cells 

adopted a slow-growth phenotype that showed similarities to oncogene-induced senescence 

[61, 62]. Further analysis of the persister or drug-tolerant state showed melanoma cells to 

exhibit chromatin remodeling and increased histone demethylase activity, and a loss of cell 

differentiation associated with decreased expression of melanoma markers such as MART-1 
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[63]. At the same time, an increased expression of stemness genes, such as CD271 was 

noted.

In one study, the quiescent phenotype led to the increased expression of EGFR, and was 

mediated through the suppression of the transcription factor SRY (sex determining region)-

box 10 (SOX10) [61]. An RNA-seq study revealed SOX10 to be suppressed through a TGF-

β dependent pathway and further showed that SOX10 suppression led to increased TGF-β 
receptor expression, in addition to a number of TGF-β target genes. This EMT-like effect, 

and BRAF inhibitor resistance, could be recapitulated when the melanoma cells were treated 

with exogenous TGF-β [61]. A role for TGF-β in driving the phenotypic switch was 

suggested by the observation that melanoma cells and tumor samples frequently show 

increased TGF-β expression following BRAF inhibitor treatment and the observation that 

exogenous TGF-β treatment increased the expression of the RTKs EGFR and PDGFR in 

melanoma cells [59, 61] (Figure 1).

Further evidence for melanoma cells experiencing an EMT-like switch following BRAF 

inhibitor treatment came from proteomic studies [64]. It was found that acute treatment with 

the BRAF inhibitor vemurafenib led to an increase in EMT associated proteins including 

FAK, integrin α5β1, vimentin and fibronectin [64]. The induction of fibronectin within the 

melanoma cells was important for therapeutic escape, with knockdown of either fibronectin 

or integrin α5β1 found to increase BRAF-inhibitor mediated apoptosis. Mechanistically, it 

was found that melanoma cells created their own protective ECM-derived niche that led to 

increased signaling through AKT and the maintenance of expression of the anti-apoptotic 

protein Mcl-1 [64].

Other work has pointed to a role for miRNAs and the EMT-like state associated with BRAF 

inhibitor resistance. A recent analysis of BRAF inhibitor resistant cell lines showed a role 

for miR-200C suppression in the upregulation of EMT-associated transcription factors such 

as Bmi1, Zeb2, Tubb3, ABCG5 and MDR1 [65]. Changes in these proteins were observed 

both in melanoma cell lines and in specimens from patients failing BRAF inhibitor therapy. 

Overexpression of MiR-200C or knockdown of Bmi1 reverse the EMT-like phenotype 

associated with BRAF inhibitor resistance and was accompanied by an recovery of MAPK 

and PI3K/AKT signaling as well as an increase in E-cadherin expression, and a decrease in 

N-cadherin, ABCG5 and MDR1 expression[65] (Figure 1).

Similar findings have been reported in NSCLC with the induction of an EMT found to 

mediate EGFR inhibitor resistance in a manner that was independent of both the T790M 

EGFR mutation and Met amplification[66]. Gene expression analysis showed the acquired 

resistance to be associated with TGF-β/SMAD signaling and an increase in the expression of 

ZEB1. Further analysis showed the increased ZEB1 expression to be associated with an 

EMT and concomitant alterations in EMT-associated genes such as E-cadherin, ST14 and 

vimentin. Knockdown of ZEB1 reversed the EMT-like phenotype and resensitized the cells 

to EGFR inhibition – a clear indication that the resistance was entirely phenotypic. In line 

with the data on melanoma, EGFR resistance was associated with decreased expressed of the 

miRNA miR200[66]. Downregulation of E-cadherin and upregulation of vimentin and TGF-

β is also associated with ALK inhibitor resistance in NSCLC[67, 68].
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4. MITF and phenotype switching

Melanoma is a tumor showing significant phenotypic plasticity with its cells existing in 

multiple cellular states. One of the factors most frequently associated with phenotype 

switching in melanoma is Microphthalmia associated transcription factor (MITF), a master 

regulator of the melanocytic lineage. MITF controls many of the genes that are essential to 

melanocyte function, including those involved in pigmentation and survival following 

exposure to ultraviolet radiation. MITF can also function as a melanoma oncogene, with 

studies identifying a subset of the tumors with high level MITF amplification[69]. The role 

of MITF in melanoma is complex however, and contradictory data has been reported, e.g. 

pro-tumorigenic vs tumor suppressive. The best explanation for this conflicting data is the 

“rheostat model” which posits that MITF expression levels determine the identity of the 

melanoma sub-populations. It is known that high levels of MITF block cell proliferation and 

drive a differentiated state associated with high levels of tyrosinase expression and 

melanosome production [70, 71]. In contrast, low levels of MITF lead to the adoption of a 

slow-growth arrested phenotype that is highly invasive and stem-like in nature [71, 72]. 

Within a tumor, MITF expression levels vary significantly and help to drive heterogeneity by 

regulating the switch between a proliferative, noninvasive state and slower growing, more 

invasive state.

Although it has been rarely stated, there is good evidence that the phenotypic state 

characterized by MITF overlaps significantly with the EMT-like state regulated through 

TGF-β. It is known that exogenous TGF-β inhibits MITF transcription through a pathway 

involving cyclic adenosine monophosphate (cAMP) and GLI2 [73]. There is also evidence 

that GLI2 directly downregulates E-cadherin expression in melanoma[74]. In melanocytes, 

MITF levels are controlled in through direct phosphorylation by components of the MAPK 

pathway [75]. It is perhaps comes as little surprise that BRAF inhibition has been associated 

with changes in MITF levels and this in turn has been implicated in BRAF inhibitor 

resistance. Again, the picture is complex and dependent upon the baseline cell state with 

reports outlining a role for both increased MITF expression and MITF loss in de novo and 

adaptive BRAF inhibitor resistance [44, 76–79].

Evidence for the role of MITF in the initial adaptation to BRAF inhibitors comes from 

studies demonstrating that inhibition of the MAPK pathway led to increased MITF 

expression in some melanoma cell lines [78]. The cells exhibiting high MITF expression 

were drug tolerant and had a gene expression profile associated with an EMT e.g. Snail, 

ZEB2 and EGF [78]. Interestingly, this early adaptive state was reversible, with the levels of 

MITF declining following drug removal [78]. Further evidence for increased MITF 

expression in phenotypic drug adaptation came from a high throughput gain-of-function 

genomic study that identified a novel melanocyte-specific G-protein coupled receptor/

protein-kinase A, cAMP, cAMP response element binding protein (CREB)-driven pathway 

[79]. A number of transcription factors were increased in this adaptive cell state including 

MITF, c-FOS, NR4A1 and NR4A2, with functional studies showing each of these to confer 

BRAF inhibitor resistance [79].
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In a converse fashion, melanomas with acquired BRAF inhibitor resistance and de novo 
resistance have also been identified with very low MITF expression levels [76, 77]. In these 

studies, MITF-low resistant cell lines were generally drug tolerant and exhibited cross-

resistance to multiple MAPK pathway inhibitors including BRAF, MEK and ERK inhibitors 

and the BRAF-MEK inhibitor combination[77]. In these cells resistance was associated with 

increased signaling through NFκB and the RTK Axl, with increased NFκB activity having a 

direct suppressive effect upon MITF activation [76]. Although Axl expression was found to 

be associated with the MITF-low, NFκB driven transcriptional state, Axl inhibitors alone did 

not reverse BRAF inhibitor resistance. This work demonstrated that under baseline 

conditions melanoma cells could potentially exist in two distinct transcriptional states, with 

the ability to switch between an NFκB-high/MITF-low phenotype and a NFκB low/MITF-

high phenotype [77]. Treatment of the cells with BRAF inhibitor led the MITF high cells to 

switch to the NFκB-high/MITF-low state. The MITF-mediated phenotypic switch also 

occurred following treatment with exogenous TNF-α [77] (Figure 2). These studies 

provided a link between immune infiltration, the “inflammatory” immune microenvironment 

and therapy escape. A second study, which also explored the relationship between MITF 

levels and BRAF inhibitor resistance, showed the MITF-low state to be associated with 

resistance and an increased expression of the RTKs Axl, EGFR and PDGFR-β. Like before, 

the inhibition of RTK signaling alone did not resensitize resistant cells to MAPK-targeted 

drugs. It was however noted that resistance could be reversed by treating the MITF-low cells 

with RTK inhibitors in combination with either BRAF inhibitors or the BRAF-MEK 

inhibitor combination [77]. A potential role for Axl inhibition in targeting the drug tolerant 

phenotype was suggested by the observation that the Axl inhibitor R428 restored sensitivity 

to BRAF inhibitor resistant cells in long-term colony formation assays [77]. Increased Axl 

expression has previously been implicated in both EMT and chemoresistance in many other 

cancers including breast cancer and NSCLC [80, 81]. In lung cancer, increased Axl 

signaling was identified as a mechanism of acquired erlotinib resistance in the absence of 

T790M EGFR mutations or MET upregulation. In this instance, the resistance phenotype 

was also associated with the adoption of an EMT[80]. In triple negative breast cancer, Axl 

receptor expression was associated both with EMT induction and acquired resistance to 

EGFR inhibitors, in part by co-opting other RTKs including c-MET, PDGFR and HER 

family kinases [81]. A number of small molecule Axl inhibitors, including TP-0903, 

MGCD516 and BPI 9016M, are currently undergoing phase I clinical evaluation in NSCLC 

and other solid tumors as single agents.

The role of MITF in therapeutic adaptation to BRAF inhibitors is complex, with the 

potential for its levels to be differentially regulated following MAPK pathway inhibition. 

There is evidence that two classes of MITF-expressing melanoma cell lines exist that show 

differential requirements for the transcription factor. This phenomenon was recently defined 

in a quantitative manner with studies showing that the baseline transcriptional state of 

melanoma cells (differentiated vs neural-crest like) determined the eventual phenotypic 

adaptation (and dependency upon MITF) of the cells to therapy [82].
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5. The role of the drug adapted phenotype in metastasis

The persister/EMT phenotype is often associated with a switch to fibroblast-like features, 

reorganization of the actin cytoskeleton, an increase in FAK signaling and the ability to 

degrade the ECM, through increased expression of enzymes such as matrix 

metalloproteinases (MMPs) [64, 83, 84]. Together, these phenotypic changes suggest that 

the drug persistent state also confers metastatic potential. This indeed seems to be the case, 

with a recent comprehensive proteomic analysis of BRAF inhibitor sensitive and resistant 

melanoma cells demonstrating the emergence of a resistance associated signaling 

interactome based upon EGFR, ligand-independent EphA2 signaling, FAK, fibronectin, 

paxillin, vimentin, and integrin signaling [84]. The top pathways showing enrichment in the 

resistant cells were involved in cytoskeletal reorganization and EMT-like processes. In this 

instance, ligand-independent Epha2 signaling was identified as a key driver of the invasive 

phenotype and was strongly upregulated in mouse xenografts and human melanoma 

specimens from patients failing on BRAF inhibitor therapy[84]. Proteomic analyses by other 

groups have also suggested the BRAF inhibitor resistant is associated with invasion and 

metastasis. In these studies, the resistant cells had an emergent EGFR/Src-family 

kinases(SFK)/STAT3 network that both increased cell growth and enhanced the invasive and 

metastatic potential [56]. The translational potential of these findings was indicated by 

studies showing that the SFK/multi-RTK inhibitor dasatanib prevented BRAF inhibitor 

treated melanoma cells from metastasizing to the lung and lymph nodes in a mouse 

xenograft model[56]. Other work has also suggested acquired BRAF inhibitor resistance 

leads to a more aggressive metastatic phenotype; this time associated with increased 

expression of cancer cell markers (JARID1B, CD271, fibronectin) and invasion (MMP-1 and 

MMP-2). Phenotypically, the resistant cells showed an increased rate of migration through 

confluent layers of lung endothelial cells [63, 85].

MITF has long been implicated in melanoma cell invasion and metastasis, with loss of MITF 

expression increasing invasive potential [72]. Recent studies have pointed to a role for MITF 

downregulation in the context of BRAF inhibitor adaptation as the driver of a metastatic 

phenotype[77]. In melanoma cell lines that initially expressed E-cadherin, loss of MITF and 

acquisition of BRAF inhibitor resistance was associated with a decrease in E-cadherin at 

both the mRNA and protein level. Heterogeneous effects were also seen with regards to 

expression of the EMT-associated transcription factors ZEB1, ZEB2 and Twist [77]. Another 

transcription factor, FRA-1, which has also been implicated in the development of breast 

cancer metastasis was also upregulated in some of the resistant cultures in which MITF was 

suppressed. A role for FRA-1 in the invasive phenotype was demonstrated through shRNA 

studies with knockdown reversing the invasive phenotype associated with MITF loss [77].

There are likely to be multiple upstream regulators of MITF expression in the context of 

BRAF inhibitor inhibition. Recent studies have pointed to a role for non-canonical WNT 

signaling (via Wnt5A) in both the drug adapted phenotype and melanoma cell invasion[62, 

86]. The effects of Wnt5A signaling were found to be mediated in part through regulation of 

MITF, with high Wnt5A expression levels correlated with reduced expression of both MITF 

and its downstream target MART1 (Figure 2). Increased levels of Wnt5A induced a slow-

growing senescence-like phenotype that showed increased invasion. The Wnt5A-mediated 
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phenotypic switch was associated with high p21 expression levels, heterochromatin foci and 

the adoption a secretory phenotype characterized by increased expression of IL-1A, CXCL2, 

CCL20 and MMP-3 [62]. Wnt5A is a known EMT inducer in many cancers, in part through 

its stimulation of PKC signaling and the induction of invasion through Rac1 [87, 88]. In line 

with the observation that cells undergoing an EMT are less differentiated it was also found 

that Wnt5A treatment decreased the expression of melanoma antigens, leading to impaired 

recognition by and activation of cytotoxic T-lymphocytes [89].

Although much work on the link between drug induced phenotype switching and metastatic 

behavior has focused on BRAF inhibitors, there is evidence that other anti-cancer agents 

lead to the adoption of similar cellular states. Recent studies have shown that PI3K 

inhibition in glioblastoma leads to a transcriptional reprogramming that led to increased 

RTK signaling, reactivation of AKT and mTOR signaling and increased tumor invasion and 

motility[90]. The invasive phenotype was associated with the appearance of persistent 

membrane ruffles and was mediated through a novel mechanism that was dependent upon 

the formation of elongated mitochondria that co-localized with the cortical cytoskeleton and 

the FAK-containing membrane protrusions[90]. The adoption of a persister, metastatic 

phenotype is common to many cancer types with increased cell invasion being observed in 

NSCLC cells treated with EGFR inhibitors and breast cancer cell lines with resistance to 

pan-HER kinase inhibitors[91, 92].

Despite there being ample evidence that targeted therapies increase metastatic potential in 
vitro and in animal xenograft studies, there is only limited evidence that this occurs in the 

clinic. This is in part due to difficulties associated with performing equivalent retrospective 

analyses of contemporary targeted therapy trials vs historical cohorts of patients on cytotoxic 

chemotherapy. There is however some suggestion that melanoma patients failing BRAF 

inhibitor therapy often present with new metastases, with studies showing 50% patients on 

BRAF inhibitor to progress at new sites, 44% at existing sites and 6% at both new and 

existing sites [93]. A further analysis showed 68% of patients failing vemurafenib therapy to 

relapse at new sites compared to only 20% of patients failing dacarbazine, despite the time 

on therapy being similar [84]. Further prospective analyses will be required to determine 

whether drug resistance leads to the development of new metastases.

6. Conclusion: Targeting and eradicating the escaper phenotypes through 

combination therapy strategies

The achievement of long-term clinical responses to chemotherapy and targeted therapy 

depends upon the successful targeting of adaptive phenotypes. These adaptations are likely 

to apply to both targeted therapies (as outlined here) and to immune therapies. There is 

already good evidence that failure on targeted therapy reduces the effectiveness of 

subsequent immune therapies, and this may be in part due to the adoption of a less 

differentiated (less immunogenic) phenotype [94]. One unifying idea is that the phenotypic 

adaptations to therapy are epigenetically mediated and various strategies have been proposed 

to overcome this. Some of the earliest work in this area demonstrated that the persister 

phenotype was driven through IGFR signaling and showed a dependency upon an epigenetic 
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reprogramming mediated through the histone demethylase RBP2/KDM5A/Jarid1A [41] 

(Table 1). In these instances, pan-HDAC inhibitors or selective IGF1R inhibitors suppressed 

the persister phenotype and prevented the onset of resistance [41]. A similar epigenetic state 

also exists in melanoma, with studies identifying the presence of minor populations of 

slowly proliferating cells that undergo expansion following treatment with BRAF inhibitors 

and cytotoxic chemotherapy. These cells, which are characterized by the expression of the 

H3K4 histone demethylase JARID1B, show a marked rearrangement of their cell 

metabolism characterized by an increased dependency upon oxidative phosphorylation [42]. 

In this instance, the altered metabolic state represented a therapeutic vulnerability and could 

be effectively targeted with inhibitors of the mitochondrial respiratory chain [42] (Table 1). 

Work by a number of other groups has also suggested that persister cells have an altered 

metabolic state that could be targeted pharmacologically [95–97]. One drawback of 

metabolic inhibitors is their very narrow therapeutic index, potentially limiting their future 

translational potential.

There is evidence that the adapted phenotypic state confers secondary resistance that limits 

their response to drugs targeted against actionable genetic mutations. In the case of NSCLC, 

the persister/adapted cells show a reduced sensitivity to third generation EGFR inhibitors, 

even when they express the T790M EGFR mutant [43]. The observation that these cells 

show a reduced sensitivity to EGFR inhibitors, in particular through the suppression of BIM-

mediated apoptosis, suggested an impairment of the entire apoptotic program. A small-scale 

drug screen performed on NSCLC cells adapted to gefitinib revealed sensitivity to the dual 

Bcl-2/Bcl-XL inhibitor navitoclax [43] (Table 1). Preclinical studies showed that the 

combination of the third-generation EGFR inhibitor WZ4002 with navitoclax restored 

sensitivity to xenografts of NSCLC cells with the T790M mutation that had undergone 

therapeutic adaptation [43]. Similar findings have also been reported in melanoma with the 

combination of a BRAF inhibitor and a BH3 antagonist showing enhanced efficacy 

compared to single agent BRAF inhibitor [98]. Epigenetic silencing of the pro-apoptotic 

BH3 family proteins Bcl-2, BMF and BIM is seen in melanoma cells following chronic 

BRAF inhibitor treatment [99]. In this instance the epigenetic suppression was reversed 

following treatment with HDAC inhibitors leading to the restoration of BRAF inhibitor 

sensitivity [99]. Other epigenetic modulators such as BET domain inhibitors are also known 

to synergize with BRAF inhibitors, potentially through regulating levels of pro-apoptotic 

proteins [100].

In melanoma cells, where the EMT-like, drug tolerant state is driven through MITF, 

tolerance to BRAF inhibitors can be reversed through use of the HIV protease inhibitor 

nelfinavir [78]. Mechanistically, nelfinavir decreases MITF expression through suppression 

of the transcriptional activator PAX3. In cells of melanocytic lineage, PAX3 expression is 

controlled by the transcriptional co-repressor SKI which is in turn regulated by TGF-β 
signaling and SMAD2 (Figure 2). As melanomas frequently show constitutive levels of 

TGF-β signaling, levels of SMAD2 are typically high [78]. Use of nelfinavir increased levels 

of SMAD2/SMAD4 and led to the recruitment of SKI to the PAX3 promoter and the 

suppression of expression of both PAX3 and MITF (Table 1). It was thus found that the 

combination of the BRAF inhibitor and nelfinavir suppressed phenotypic adaptation and 

abrogated the onset of resistance [78]. Other strategies have been proposed to target MITF 
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including the use of methotrexate (to increase MITF levels and reduce invasion) following 

by the use of a tyrosinase processed anti-folate drug (3-O(3,4,5 trimethoxybenzoyl)-(−)-

epicatechin to deplete intracellular thymidine pools and to induce DNA strand breaks[101]. 

MITF levels can also be regulated epigenetically and are sensitive to HDAC inhibition. The 

lineage-dependent resistant state mediated through GPCR signaling/ PKA/cAMP/MITF 

resistance was reversed following treatment with pan-HDAC inhibitors, indicating that this 

escape pathway was also epigenetically regulated [79, 102] (Figure 2).

Oncogenically transformed cells show a high level of signaling and phenotypic plasticity 

and can rapidly adapt their cellular state following treatment with drugs. The evidence to 

date suggests that these persister or adapted phenotypes are epigenetically mediated and are 

associated with an altered transcriptional state. This opens up numerous therapeutic 

opportunities with a large number of epigenetically targeted drugs becoming available. 

Specific therapeutic approaches directed against individual tumor histologies also seem 

likely. Potential options here include strategies to target MITF expression in melanoma, and 

approaches to inhibit BRAF/BH3 proteins and EGFR/BH3 proteins in melanoma and 

NSCLC, respectively. The feasibility of targeting RTKs such as Axl remains uncertain as 

cancer cells typically express multiple RTKs with overlapping functions. It is likely that the 

targeting of these adaptive phenotypes could have the added benefit of preventing further 

tumor dissemination on therapy. Unified approaches to abrogate therapy escape and 

metastasis will continue to improve outcomes for cancer patients, hopefully one day 

reducing cancer to the level of a chronic, manageable disease.
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Figure 1. 
Summary of mechanisms that contribute to therapeutic adaptation
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Figure 2. Signaling scheme showing some of the overlapping mechanisms behind the adaptive 
regulation of MITF expression following BRAF inhibitor treatment
The adaptive signaling state in BRAF mutant melanoma cells can be driven through Wnt5a, 

TGF-β or a lineage specific program involving G-protein coupled receptor signaling and 

protein kinase A.
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