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      Mechanisms of Resistance to EGFR Tyrosine 
Kinase Inhibitors and Therapeutic 
Approaches: An Update                     

       Aarif     Ahsan    

    Abstract     Resistance to epidermal growth factor receptor (EGFR) tyrosine kinase 
inhibitors (TKIs) in non small cell lung cancer (NSCLC) is mediated by two major 
mechanisms namely secondary mutation T790M in EGFR and cMET amplifi cation. 
Other molecular mediators which contribute towards TKI resistance include the 
activation of compensatory growth signaling, epithelial mesenchymal transition and 
microRNAs regulating EGFR and cMET levels. In this chapter, we have included 
the major mechanisms which contribute towards EGFR TKI resistance in 
NSCLC. Several therapeutic approaches to overcome TKI resistance are also pre-
sented which include second and third generation EGFR TKI inhibitors and cMET 
inhibitors. Further, the rationale to utilize the combination therapies to simultane-
ously target EGFR and other major oncogene addictive pathway such as ERBB2 
and AXL kinase is outlined. Another promising approach to overcome TKI resis-
tance is to potentiate EGFR protein for degradation. These studies will best be uti-
lized when we can identify the oncogene addictions in an individual patient and 
tailor the therapy/therapies accordingly for the maximum benefi ts.  
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        EGFR Activating (Drug Sensitive) Mutations 

   Epidermal growth factor receptor (EGFR)   is a receptor tyrosine  kinase   which 
belongs to the EGFR family, consisting of four members: EGFR, ERBB2, ERBB3, 
and ERBB4. Under physiological conditions, binding of ligands (e.g., epidermal 
growth factor, transforming growth factor-alpha, amphiregulin) activate the tyrosine 
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kinase activity of EGFR via homo- or heterodimerization with EGFR family mem-
bers [ 1 ]. In non small cell lung cancer (NSCLC), mutations in EGFR occur in exons 
encoding the ATP-binding pocket of the kinase domain (exons 18–21). In a cohort 
of nearly 1200 patients harboring EGFR mutations which are linked to clinical out-
comes, more than 145 different types of nucleotide changes have been reported 
within the EGFR kinase domain [ 2 ]. However, the most clinically relevant and 
extensively studied drug-sensitive mutations are deletions in exon 19 that eliminate 
a common amino acid motif (LREA) and point mutations in exon 21 that lead to a 
substitution of arginine for leucine at position 858 (L858R). Together, these two 
classes of mutations account for approximately 85 % of  EGFR  mutations in 
NSCLC. They are constitutively active and oncogenic [ 3 ,  4 ] due to the disruption of 
autoinhibitory interactions in EGFR [ 5 ]. Biochemical studies indicate that these 
mutants preferentially bind to fi rst generation tyrosine kinase inhibitors (TKIs) like 
gefi tinib and erlotinib over ATP, which account for the dramatic response of patients 
harboring these mutations to TKIs [ 5 ,  6 ]. Other potential drug-sensitive mutations 
occur at much lower frequency: G719 × (3 %), L861 × (2 %), [ 2 ] and exon 19 inser-
tions (1 %) [ 7 ]. The former two were associated with drug sensitivity in the original 
reports on EGFR mutations [ 8 ,  9 ], whereas the exon 19 insertions were recently 
reported as drug sensitive [ 7 ]. The rarity of clinical data associated with these less 
frequent mutants has made it more diffi cult to determine how drug sensitive they are 
in patients, however new data are emerging.  

    Mechanisms of Resistance to TKIs 

    T790M Mutation in EGFR 

 Despite  initial   response to EGFR fi rst generation TKIs, patients  with   mutant 
 EGFR  NSCLC experience disease progression within 12 months of treatment [ 10 ]. 
The most common mechanism of acquired resistance is the emergence of a second-
ary mutation in exon 20, T790M, within the catalytic cleft of EGFR. T790M muta-
tions are detected in approximately 50 % of NSCLCs that become resistant to 
fi rst- generation EGFR TKIs [ 11 ]. The T790M mutation was identifi ed in the germ-
line of a family predisposed to NSCLC, indicating an important role in NSCLC 
genetic susceptibility [ 12 ]. An analysis of pretreatment biopsies from NSCLC 
patients with  EGFR  mutations who subsequently received erlotinib reported that the 
incidence of double  EGFR  mutations (L858R or exon 19 deletion as well as T790M) 
was 35 % (45 of 129) with no difference in the initial response to erlotinib (63.6 % 
versus 72.3 %) in patients with or without T790M mutations. However, those 
patients showed lower progression free survival where T790M mutation was pres-
ent [ 13 ]. These fi ndings suggest that the T790M mutation may be present in some 
patients prior to TKI therapy and may be selected during therapy because of the 
treatment resistance associated with the mutation, suggesting the possibility of 
intrinsic resistance in these patients. Initially, steric hindrance of TKIs by the 
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“gatekeeper” T790M mutation has been hypothesized as the basis for T790M 
induced TKI resistance. Furthermore, the presence of T790M mutation increases 
the ATP affi nity of the oncogenic L858R mutant by approximately fi vefold. Therefore, 
enhanced ATP affi nity reduces the ability of reversible TKIs such as gefi tinib and erlo-
tinib to effectively compete with ATP binding. These factors lead to a dramatically 
reduced potency of TKIs in the setting of the L858R and T790M double mutation [ 6 ].  

    cMET Amplifi cation 

 Amplifi cation  of   Hepatocyte growth factor receptor (HGFR/cMET), a receptor 
tyrosine kinase, was detected in up to 20 % of NSCLC patients that developed 
acquired resistance to gefi tinib or erlotinib. Although, cMET amplifi cation can 
coexist with the EGFR T790M mutation, approximately 60 % of MET amplifi ca-
tion is independent of T790M mutation [ 14 ,  15 ]. cMET amplifi cation was originally 
identifi ed in a laboratory model of gefi tinib resistance using HCC827 human EGFR 
mutant NSCLC cells. In this gefi tinib resistant model, cells with EGFR TKI resis-
tance developed dependency on cMET signaling to activate phospho AKT through 
ERBB3-mediated activation of PI3K signaling in the presence of EGFR TKIs [ 15 ]. 
Additionally, the cMET ligand hepatocyte growth factor (HGF) is also shown to 
induce gefi tinib resistance through activation of cMET-PI3K signaling [ 16 ]. As seen 
in case of T790M mutations, cMET amplifi cation was also observed at a low fre-
quency in NSCLC patients prior to treatment and was associated with the develop-
ment of acquired resistance to EGFR TKIs [ 17 ]. Together these fi ndings suggest 
that EGFR TKI treatment may select for preexisting cells with cMET amplifi cation 
to develop EGFR TKI resistance.   

    Epithelial Mesenchymal Transition (EMT) 

  Another   mechanism which is shown to confer the resistance to TKI is an increase  in 
  EMT in NSCLC [ 10 ,  18 ]. In one study, the erlotinib resistant HCC4006 cells were 
shown to acquire mesenchymal phenotype and exhibited signifi cant down regula-
tion of E-cadherin [ 19 ]. EMT in response to TKI conferring resistance was medi-
ated by TGF Beta and IL-6 axis. Other studies suggest the involvement of ERK2 
signaling in TGF Beta mediated EMT in non-transformed cells [ 20 – 24 ]. In these 
tumors, ERK2 amplifi cation was speculated to be responsible for EMT and TKI 
resistance [ 25 ]. In a recent study, authors utilized tumor xenografts with acquired 
resistance to erlotinib and found alterations in the expression of several genes that 
are established biomarkers of erlotinib resistance. For example in resistant tumors, 
elevated levels of COL6A1 (encoding a type IV collagen), HMGA1 and HMGA2 
and reduced levels of keratin genes were found. Importantly, a critical mediator of 
EMT, AXL kinase was found to be dramatically induced by erlotinib resistance 
[ 26 ]. AXL kinase is a tyrosine protein kinase receptor UFO, which is involved in 
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stimulation of cell proliferation [ 27 ]. In the TKI resistant tumors, up regulation of 
AXL kinase was found to be the second most prevalent mechanism by which resis-
tance occurs followed by T790M mutation. Activation of AXL kinase occurred due 
to its over-expression as well as up regulation of its ligand GAS6 in the setting of 
resistant tumors. The up regulation of AXL kinase activity was a part of EMT asso-
ciated transcriptional program and Vimentin was involved in it. In this study, AXL-
overexpressing HCC827 erlotinib resistant cells showed increased migration and 
adhesion, the properties associated with EMT and the metastatic behavior of tumor 
cells. These fi ndings are consistent with previous studies showing that over-expres-
sion of AXL is associated with increased metastasis in several types of cancers [ 28 ]. 
These fi ndings also advocate that activation of multiple pathways involved in EMT 
may promote resistance to EGFR TKIs downstream of AXL upregulation. It is well 
studied that AXL can drive the growth of cancer cells through activation of several 
oncogenic pathways [ 28 – 30 ]. It will be important to determine the degree to which 
AXL activation may cooperate with other genetic and genomic alterations to induce 
resistance to EGFR inhibitors and other molecularly targeted therapies in 
NSCLC. The loss of E-cadherin can also be mediated by upregulation of 
Cyclooxygenase 2 (COX-2) metabolite, Prostaglandin E2 (PGE2) [ 31 – 33 ]. PGE2 
induces rapid ERK phosphorylayion, reduce E-cadherin levels and upregulate the 
transcriptional repressors zinc-fi nger E-box binding homeobox 1 (ZEB-1) and zinc-
fi nger factor Snail homologue 1 (Snail) in NSCLC. COX-2 inhibitors were shown 
to reverse these effects. Therefore, PGE2 or other infl ammatory cytokines in the 
tumor microenvironment may contribute to EGFR TKI resistance in NSCLC by 
suppressing E-cadherin expression. These fi ndings also provide a strong rationale 
for simultaneously targeting EGFR and COX-2 for lung cancer treatment.  

    Epigenetic Mechanisms 

 The  involvement   of specifi c micro RNAs (miRNAs) in regulating the expression of 
EGFR and cMET receptor tyrosine kinases and consequently, the metastatic behav-
ior and gefi tinib resistance in NSCLC is also reported [ 34 ]. miR-221 and miR-222 is 
shown to be regulated by c-MET and miR-30b, miR-30c, miR-221 and miR222 are 
regulated by both EGFR and cMET. In response to gefi tinib treatment, miR-30b, 
miR-30c, miR-221 and miR222 get down regulated and consequently, Apoptotic 
protease activating factor 1 (APAF-1) and B cell lymphoma 2 interacting mediator of 
cell death (BIM) get up regulated in TKI sensitive cells. In gefi tinib resistant cells, 
the levels of these four miRNAs did not decrease suggesting for their involvement in 
TKI resistance. Further, cMET inhibitors down regulate miR-30b, miR-30c, miR-
221 and miR222 in TKI resistant cells. Taken together, these fi ndings indicate that 
modulation of miR-30b, miR-30c, miR-221 and miR222 could have therapeutic 
implications to sensitize TKI resistant tumors. miR-221 and miR-222 has also been 
shown to regulated Phosphatase and Tensin homolog (PTEN) expression which might 
contribute towards TKI resistance [ 35 – 37 ]. Loss of PTEN is shown to aberrantly 
activate EGFR and c-MET signaling.  
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    Targeting the Resistance Mechanisms 

    Tyrosine Kinase Inhibitors 

 To overcome the TKI resistance mediated by fi rst generation TKIs, the second and 
third generation EGFR inhibitors are being developed which are outlined in Table  1 .

      Second Generations Inhibitors 

 The  development   of drugs that bind irreversibly to ERBB family members and/or 
inhibit multiple targets simultaneously, are being investigated to treat NSCLCs that 
are resistant to fi rst-generation EGFR TKIs [ 11 ]. Unlike reversible TKIs, irrevers-
ible TKIs contain a reactive Michael-acceptor group that binds covalently with 
Cys797 present at the ATP-binding cleft of mutant EGFR. This approach provides 
greater presence at the ATP site and overcoming the competition with ATP [ 6 ,  38 ]. 
The ability of an irreversible TKI to overcome resistance was demonstrated in vitro 
in mutant EGFR cell lines [ 39 ]. Several investigational irreversible multitargeted 
HER family TKIs (Table  1 ) are being evaluated in patients with NSCLC. These 
include neratinib or HKI-272 (Wyeth, which was acquired by Pfi zer in 2009, New 
London, CT), PF00299804 (Pfi zer), and afatinib or BIBW 2992 (Boehringer 
Ingelheim, Ingelheim, Germany).  

      Table 1    Details and status of EGFR TKIs   

 Drug name  Generic name  Target  Status 

  Reversible  
 ZD1839  Gefi tinib  EGFR  Approved 
 OSI776  Erlotinib  EGFR  Approved 
 BPI-2009H  Icotinib  EGFR  Approved 
 TAK-165  Mubritinib  EGFR/ERBB2  Phase I 
 XL647  NA  EGFR/ERBB2/FLT-4  Phase II 
 ZD6474  Vandetanib  EGFR/ERBB2/RET  Phase III 
 GW572016  Lapatinib  EGFR/ERBB2  Preclinical 
  Irreversible  
 EKB-569  Pelitinib  EGFR  Phase I 
 CI-1033  Canertinib  EGFR/ERBB2/ERBB4  Phase II 
 HKI-272  Neratinib  EGFR/ERBB2  Phase II 
 BIBW2992  Afatinib  EGFR/ERBB2/ERBB4  Phase III 
 PF-00299804  Daconitinib  EGFR/ERBB2/ERBB4  Phase III 
  Third generation  
 CO-1686  NA  EGFR T790M  Phase I/II 
 WZ4002  NA  EGFR T790M  Preclinical 
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    Neratinib (HKI-272) 

  Neratinib  , an  irreversible   ERBB family inhibitor that targets EGFR/ERBB1, 
ERBB2, and ERBB4 [ 40 ,  41 ] (Table  1 ), was evaluated in a phase I trial of patients 
with advanced solid tumors [ 42 ]. Of 14 evaluable patients with NSCLC, stable 
disease (SD) for 24 weeks was observed in six (43 %) patients. Despite preclinical 
data suggesting a role for neratinib in overcoming resistance mediated by T790M 
[ 39 ], no patients with a known T790M mutation responded in another study. Based 
on overall results, neratinib is no longer in development for NSCLC (  http://www.
clinicaltrials.gov    ), although it is being investigated in ERBB-2 positive breast 
cancer [ 43 ].  

    PF00299804 

  PF00299804,   an irreversible ERBB family inhibitor that targets EGFR/ERBB1, 
ERBB3, and ERBB4 [ 44 ] (Table  1 ), has demonstrated preclinical activity in gefi -
tinib-resistant NSCLC models both in vitro and in vivo [ 45 ]. In a phase I/II trial 
of PF00299804 in patients with NSCLC who progressed following one or two 
prior chemotherapy regimens and erlotinib [ 46 ], 36 patients with adenocarcinoma 
and fi ve patients with non-adenocarcinoma histology were evaluated for effi cacy. 
Among patients with adenocarcinoma, 67 % had a clinical benefi t (response), and 
among those with non-adenocarcinoma histology, the clinical benefi t rate was 
40 %.  

    Afatinib (BIBW 2992) 

 Afatinib is  an   oral irreversible  ERBB   family inhibitor that targets EGFR/ ERBB1, 
ERBB2 [ 47 ], and ERBB4 with preclinical data supporting a role in overcoming 
resistance to reversible EGFR TKIs [ 47 ]. Afatinib has been studied in multiple 
phase I clinical trials [ 47 – 52 ]. Three patients with NSCLC experienced PRs lasting 
24, 18, and 34 months; their tumors were found to have mutations in EGFR, 
although none had received prior EGFR TKI treatment. Two additional patients 
(one with NSCLC and one with esophageal cancer) had unconfi rmed partial 
responses (PRs). One of the NSCLC patients with an activating exon 19 mutation 
who had a PR was initially treated with afatinib (10 mg/day) but subsequently 
progressed and developed brain metastases. By investigator assessment, the objec-
tive relative risk (RR), disease control rate (DCR), median progression free sur-
vival (PFS) interval, and median OS time were 60 %, 86 %, 14 months, and 24 
months, respectively, for all patients [ 49 ]. The objective RR, DCR, and median 
PFS were 59 %, 83 %, and 16.1 months, respectively, for patients with L858R 
mutations and 69 %, 93 %, and 13.7 months, respectively, for patients with exon 
19 deletions.  
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    Third Generation (T790M EGFR Specifi c) Tyrosine Kinase Inhibitors 

 Despite the  initial   promise, the 4-anilinoquinazoline core structure that is common to 
the clinically available irreversible inhibitors, the second generation TKIs, do not 
show specifi city towards T790M EGFR compared with wild-type EGFR. New struc-
turally distinct irreversible ERBB family inhibitors, such as the pyrimidine- based 
inhibitors described were recently introduced by Zhou et al. [ 53 ]. This study screened 
a library of compounds to identify agents that inhibited growth of gefi tinib- resistant 
and gefi tinib-sensitive cell lines without producing toxicity in mutant KRAS cells at 
high concentrations. One such compound, WZ4002, is an irreversible inhibitor with 
chemical properties that favor 100-fold greater binding to the T790M mutant. 
WZ4002 also demonstrated a 100-fold weaker binding to wild-type EGFR than with 
neratinib and other quinazoline-based second generation EGFR inhibitors. 
Additionally, WZ4002 inhibited L858R/T790M EGFR kinase activity more potently 
than wild-type EGFR protein activity, whereas the opposite was true for neratinib 
and gefi tinib. Such fi ndings indicate that the concept of irreversible ERBB family 
inhibition is a very promising and may yet provide a solution to the problem of 
acquired resistance.   

    cMET Inhibitors 

 Multiple  agents   that inhibit the cMET signaling at  various   points have been studied. 
HGF-competitive analogs, such as NK4, have shown inhibitory activity in various 
cancer cell lines, [ 54 – 59 ]. Other compounds such as decoy cMET and the isolated 
Sema domain of cMET have the ability to simultaneously bind to both the ligand 
HGF and the receptor cMET [ 60 ,  61 ]. These agents have shown inhibition of cMET 
signaling in preclinical studies. Studies with specifi c antibodies against HGF/cMET 
have also shown encouraging results. Monoclonal antibodies against cMET, such 
as OA-5D5 and DN30, have been shown to cause tumor-cell growth inhibition 
[ 62 – 64 ]. In addition, monoclonal antibodies against HGF have also been developed 
(L2G7 and AMG102) and validated in several preclinical studies [ 65 ,  66 ]. Another 
way to inhibit the cMET pathway is through competitors for the ATP binding site in 
the TK domain of cMET. This type of inhibition is carried by the small molecule 
inhibitors such as PHA665752, ARQ 197, SGX523, JNJ-38877605, EXEL-2880, 
XL-184, MGCD265, MK2461, crizotinib (PF-02341066), K252a and MP470 
(Table  2 ). Engelman et al. exposed the gefi tinib resistant cells to the cMET inhibitor 
PHA665752, and restored tumor sensitivity to gefi tinib by reducing EGFR phos-
phorylation and inducing apoptosis [ 15 ,  67 ]. In the model of immnodefi cient mice 
with enhanced tumor growth due to increased production of HGF, the MET-specifi c 
small-molecule kinase inhibitor SGX523 partially inhibits the HGF-dependent 
growth of lung, breast and pancreatic tumors [ 68 ]. So far, the most relevant com-
pound developed in this arena is crizotinib (PF02341066), which has been recently 
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approved by the US FDA for the treatment of EML4/ALK mutant NSCLC tumors, 
targets cMET and ALK receptor TK. In a panel of different tumor cell lines, crizotinib 
inhibited phosphorylation of wild-type cMET. In lung carcinoma cells, crizotinib 
inhibited HGF-stimulated cell migration and invasion [ 69 ].

       Strategic Combination Therapies 

 In selected cases combination therapies have been utilized, specifi cally to inhibit the 
compensatory pathway which is activated and mediates TKI resistance. 

   Combining EGFR and c-MET Inhibitors 

 For  tumors   harboring cMET amplifi cation as a determinant to cause TKI resistance, 
 targeting   cMET receptor in combination to EGFR inhibitors are likely to predict a 
better response compared with individual targeting of EGFR. Antibodies targeting 
the cMET ligand, antibodies targeting MET itself and small molecules inhibitors 
against cMET are the therapeutic options for these combination therapies. The 
simultaneous inhibition of EGFR and cMET was shown to suppress the proliferation 
of cells and anti-tumor effi cacy in mice in HCC827 cells which develop gefi tinib 
resistance [ 15 ,  17 ]. Another study was carried out in NCI-H820 cells which natu-
rally harbor EGFR T790M mutation as well as cMET amplifi cation. In this study, 
small molecule cMET inhibition or knockdown of cMET along with EGFR inhibi-
tion suppressed the compensatory ERBB3 signaling and compromised cell viability 
[ 14 ]. From these studies, it was not clear whether T790M EGFR and cMET ampli-
fi cation co-occur in the same cell and whether the cell type is dependent on both of 
these factors. To address these issues, Xu et al. carried out a study, where they 

  Table 2    cMET inhibitors 
under development  

 Agent  Mechanism of action 

 PHA665752  Specifi c cMET inhibitor, ATP competitor 
 ARQ197  Selective cMET inhibitor, non-ATP 

competitor 
 SGX523  Selective cMET inhibitor, ATP competitor 
 JNJ- 38877605   Selective cMET inhibitor, ATP competitor 
 EXEL-2880  TKI, targets HGF and VEGFR family 

members 
 XL-184  Pan TKI 
 MGLD-265  cMET, VEGFR 1/2/3, Tie 2, Ron 
 MK-2461  Multi TKIs 
 K252a  Multi TKIs 
 MP470  TKI targets cMET, PDGFR, c-Kit 
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developed mouse model of adenocarcinoma harboring both T790M EGFR and 
cMET. In this study treatment with individual inhibitors of EGFR and cMET was 
un-affective and the combinatorial targeting of both these receptors caused signifi -
cant tumor regression. Importantly, this study strengthened the notion that in tumors 
harboring both T790M and cMET amplifi cations, both these lesions are drivers for 
growth [ 70 ].  

   EGFR and ERBB2 Inhibitors 

 The rationale  of   combining EGFR and ERBB2 inhibitors is via various molecular 
 interactions   across their downstream signaling pathways. It is known that the ligand 
independent activation of EGFR can be mediated by ERBB2 amplifi cation. Over- 
expression and amplifi cation of ERBB2 decreased the degradation of EGFR and 
increases its recycling to the cell membrane [ 71 ]. For simultaneous targeting of 
EGFR and ERBB2, two classes of inhibitors have been developed: agents which 
bind reversibly and those that bind irreversibly (covalently) to the ATP binding site 
in the tyrosine kinase domain in EGFR and ERBB2. Due to the mechanisms govern-
ing the resistance to reversible TKI, irreversible inhibitors targeting both EGFR and 
ERBB2 are likely to be better therapeutic choices. Irreversible TKI such as BIBW 
2992 is shown to inhibit the autophosphorylation of EGFR and ERBB2. This agent 
was more than 100-fold potent that gefi tinib against cells harboring the T790M+L858R 
mutation [ 47 ]. Another irreversible inhibitor HKI-272 caused dramatic tumor regres-
sion in mice model of TKI resistance [ 72 ]. In a Phase I clinical trial of BIBW2992, 
out of 26 patients with adenocarcinoma, 2 showed partial response. Another Phase II 
single arm clinical trial using BIBW2992, recently reported partial response in 43 
patients out of 67 in mutation positive patients. The disease control rate was 96 % 
and a median progression free survival was 10.2 months. A clinical trial utilizing 
HKI-272 showed stable disease in 42 % of 16 NSCLC patients previously treated 
with gefi tinib.  

   EGFR and EMT Inhibitors 

 To overcome  the   EMT associated with TKI resistance several  mediators   have been 
targeted [ 73 ]. Due to the role of ERK1/2 in EMT, ERK1/2 blockade by U0126 led 
to a suppression of TGF-Beta mediated EMT in NSCLC, restored epithelial pheno-
type of these cells and sensitized the TKI resistant cells in combination with gefi -
tinib [ 74 ]. E-cadherin re-expression is also utilized to target EMT in overcoming 
TKI resistance. ZEB1 is known to down regulate E-cadherin and promote 
EMT. ZEB1 was shown to be inhibited by utilizing Histone deacetylase inhibitors. 
In this study, the combination of HDAC inhibitors with erlotinib led to the reversal of 
TKI resistance in HCC4006ER cells [ 19 ]. Since the up regulation of AXL kinase 
was shown to be a critical determinant of TKI resistance in NSCLC, targeting of 
AXL kinase sensitized HCC827ER cells. In this study, knockdown of AXL kinase 
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in HCC827 parental cells did not affect survival, however, the knockdown decreased 
the survival of HCC827ER cells, suggesting the specifi c role of AXL kinase in 
mediating erlotinib resistance in these cells. Small molecule inhibitors of AXL 
kinase, MP-470 and XL-880 [ 28 ] in combination with erlotinib also decreased the 
viability of HCC827ER cells. The process of EMT is also governed by infl amma-
tory signals [ 75 ]. The infl ammatory enzyme COX-2 is frequently over-expressed in 
a variety of malignancies [ 76 ]. COX2 plays an important role in conferring malignant 
and metastatic phenotypes and its over-expression is involved in therapy resistance 
[ 77 ]. For instance, COX-2 over-expression in NSCLC is associated with apoptosis 
resistance, [ 78 ] angiogenesis, [ 79 ,  80 ] and metastasis [ 81 ,  82 ]. Most of these effects 
are mediated by prostaglandin E2 (PGE2). PGE2 and other infl ammatory cytokines 
in the tumor microenvironment may contribute to TKI resistance by downregulating 
the levels of E-cadherin. These fi ndings suggest a strong rationale of combining 
COX inhibitors with TKI to overcome TKI resistance [ 83 ]. However the clinical 
trials combining COX2 inhibitors with EGFR inhibitors did not show additional 
benefi ts compared with the individual treatment of EGFR inhibitor. It seems possi-
ble that in these trials suffi cient dose of COX2 inhibitor was not used to inhibit 
maximum COX2 activity [ 84 ,  85 ].  

   EGFR and mTOR Pathway Inhibitors 

 The rationale  for   combining EGFR inhibitors with mTOR inhibitors was based on 
studies  suggesting   an important survival function of mTOR-AKT axis as down-
stream effector of EGFR signaling [ 86 ]. The ability of the irreversible EGFR inhibi-
tor HKI-272 and rapamycin combination to promote more effective suppression of 
EGFR signaling to S6 and AKT kinases was demonstrated both in cultured NSCLC 
cell lines harboring double mutant EGFR alleles as well as in lung tumors in TL 
mice. The investigators suggest that HKI-272 may not suffi ciently overcome the 
biochemical drug resistance conferred by T790M and that further suppression of an 
essential AKT-mTOR signal downstream of EGFR is required to achieve a thera-
peutic response [ 87 ].    

    Promoting Oncogene Degradation 

 An  interesting   aspect by which TKI resistance has been targeted is via EGFR 
degradation. It is now well accepted that EGFR degradation is superior in causing 
cancer cell cyto-toxicity compared to simply inhibiting its tyrosine kinase activity. 
Weihua et al. reported that knockdown of EGFR caused autophagy and inhibition of 
EGFR only caused a transient cell cycle arrest [ 88 ]. Other fi ndings in head and neck 
tumor models suggest that promoting EGFR degradation may lead to cell death 
[ 89 ,  90 ]. Chemotherapeutic agents such as gemcitabine and cisplatin caused EGFR 
degradation which correlated with cell death. The importance of targeting EGFR for 
degradation to overcome TKI resistance was shown by knocking down EGFR in 
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several EGFR mutant cell lines. In this study, knockdown of EGFR caused a 
decrease in survival of EGFR dependent cells including NCI-H1975 cells harbor-
ing EGFR-T790M mutation [ 91 ]. This approach was utilized recently to develop a 
peptide based therapy which caused EGFR degradation in TKI resistant cells har-
boring T790M mutant EGFR. The peptide, named as Disruptin was shown to 
decrease survival of TKI resistant NCI-H1975 cells by disrupting EGFR-Heat 
shock protein 90 interaction, inhibiting EGFR homodimerization and promoting 
EGFR degradation [ 92 ].  

    Conclusions and Future Perspectives 

 The main signaling pathways contributing towards TKI resistance and the therapeu-
tic approaches to rationally target them are summarized in Fig.  1 . In order to better 
target the EGFR TKI resistance, it will be critical to understand the driver oncogene 
mediating resistance in a specifi c patient. The prescreening of patients for the driver 
mutations and amplifi cations need to be carried out and the personalized therapies 
need to be tailored depending upon the driver oncogene. For example, in patients 
with AXL kinase amplifi cation or COX2 over-expression, AXL or COX2 inhibitors 

  Fig. 1    Major signaling pathways which contribute towards the resistance to EGFR TKIs. In addi-
tion to EGFR family members, ERBB2, ERBB3 and ERBB4, AXL and cMET kinases have been 
reported to mediate EGFR TKI resistance in NSCLC patients. These compensatory pathways can 
be co-targeted by small molecule inhibitors and antibodies in combination with EGFR TKIs to 
overcome resistance as shown in the fi gure       

 

Mechanisms of Resistance to EGFR Tyrosine Kinase Inhibitors and Therapeutic…



148

need to be combined with EGFR TKI. Several preclinical studies suggest the 
re- emission of resistance due to another compensatory mechanism in response to 
individual therapies. As for instance, in case of irreversible EGFR inhibitors, resis-
tance develops due to downstream signaling mediators. A more effective approach 
would be to combine the fi rst generation EGFR inhibitor with the second or prefer-
ably third generation TKIs. Another promising approach is to target EGFR for deg-
radation, which accounts for inhibition of other functions of EGFR apart from its 
tyrosine kinase activity which are important for cancer cell survival. These elusive 
functions of EGFR might be governing the activation of compensatory pathway or 
downstream signaling mediators imparting TKI resistance. Since the majority of 
NSCLC patients which harbor TKI sensitive mutations also contain T790M muta-
tion, combining the T790M specifi c third generation inhibitors in combination with 
fi rst generation inhibitors as a combined therapy could be a preferred therapeutic 
choice for these tumors. The Holy Grail to maximize the benefi t of each NSCLC 
patient with EGFR activating mutation is to identify the oncogene addiction/s along 
with EGFR and provide a tailored combination therapy at the beginning of treatment 
before the resistance develops.
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