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Abstract

Expression of the EGF receptors (EGFRs) is abnormally high in many types of cancer, including 

25% of lung cancers. Successful treatments target mutations in the EGFR tyrosine kinase domain 

with EGFR tyrosine kinase inhibitors (TKIs). However, almost all patients develop resistance to 

this treatment, and acquired resistance to first-generation TKI has prompted the clinical 

development of a second generation of EGFR TKI. Because of the development of resistance to 

treatment of TKIs, there is a need to collect genomic information about EGFR levels in non-small-

cell lung cancer patients. Herein, we focus on current molecular targets that have therapies 

available as well as other targets for which therapies will be available in the near future.
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It is well known that lung cancer is the leading cause of cancer-related deaths in both men 

and women. Lung cancer causes more deaths annually than the four major cancers – 

prostate, breast, colon, and pancreatic – combined (American Cancer Society Facts and 

Figures 2013 [1]). Because they are frequently asymptomatic for a long period of time, lung 

cancers are associated with poor prognosis. Although smoking is considered the leading 

cause of lung cancer, in 15–20% of lung cancer patients smoking was not observed [2]. 

Lung cancer is subdivided into two types based on cell type and pathology: small-cell lung 

cancers and non-small-cell lung cancers (NSCLCs), of which approximately 85% are 

NSCLCs [3]. NSCLC is subdivided further based on histological phenotypes to squamous-

cell carcinoma, large-cell carcinoma and adenocarcinoma (ADC). ADC will occur mostly in 

distal airways while squamous-cell carcinoma, which occurs in proximal airways, seems to 

be associated with smoking and chronic inflammation [4-6]. The prognosis of patients with 

lung cancer is poor, with a survival rate of around one year, making it one of the least 

understood cancers. Traditional chemotherapeutic agents such as cisplatin, paclitaxel and 

docetaxel provide standard therapies for lung cancer. However, clinical response is observed 
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in only 30–40% of patients [7]. The overall 5-year survival rate of NSCLC patients is 16%, 

and this rate decreases rapidly among patients diagnosed at late stages of the disease [8-10]. 

The quality of life in advanced lung cancer patients is constantly at risk due to treatment 

toxicity and disease progression. So, increasing the chances of benefit and avoiding futile 

treatment are very important in the management of the disease. The introduction of targeted 

therapy in NSCLC gives hope that this may be achieved. Conventional chemotherapy is 

known to cause adverse toxic effects due to lack of selectivity for tumor cells. The 

introduction of targeted drugs for the treatment of NSCLC with EGF receptor (EGFR)-

directed small-molecule tyrosine kinase inhibitors (TKIs) and monoclonal antibodies 

(mAbs) has had a significant impact. However, as yet, a relatively small overall 

improvement in clinical outcome has been observed in unselected patients with advanced 

disease [11]. The key targets of various agents in NSCLC in clinical phases of development 

include the EGF family of receptors. Various target proteins that have significance in lung 

cancer are provided in Table 1 [12,13]. The aim of this paper is to review the literature and 

provide a broad understanding of the current and future therapies targeting EGFRs. 

Additionally, we will cover some issues of resistance in these targeted therapies.

The ErbB family includes four members – EGFR, HER2, HER3 and HER4 – all of which 

are cell-surface receptor tyrosine kinases (RTKs). Typically, an ErbB receptor is a 170-kDa 

RTK with an extracellular ligand-binding domain, a transmembrane region and an 

intracellular tyrosine kinase. The RTKs form homodimers and heterodimers after binding to 

specific ligands (except HER2, which does not have an endogenous ligand), leading to 

autophosphorylation of tyrosine residues on the intracellular TK domain. This interaction 

recruits a diverse set of signaling molecules and cascades, including the PI3K/protein kinase 

B (Akt)/mTOR, STAT, and RAS/RAF/MAPK proliferation pathway. From 18 to 33% of 

NSCLC tumors show a positive result (2+/3+) with the HercepTest, a test that evaluates the 

level of HER2 protein expression on tumor tissue. Testing for mutations in the EGFR gene 

and rearrangements of the ALK gene in ADC of the lung are now in routine clinical use as 

predictive genomic biomarkers in the management of advanced lung cancer. Patients with 

lung ADCs that harbor either of these genomic alterations (15–50%, depending on the 

population studied) are already benefiting from targeted therapy with oral kinase inhibitors 

such as erlotinib and crizotinib. Other potential predictive genomic biomarkers in known 

oncogenes such as BRAF, ROS1, mesenchymal–epithelial transition (MET) and PIK3CA 

have been identified in a systematic fashion, and efforts are underway to target them with 

novel drug compounds. Because lung cancer is a heterogeneous group of diseases, it must be 

targeted using multiple drugs rather than drugs specific to a single target. This review will 

focus on the rationale for the development of targeted therapies in NSCLC, the recent 

advances in the therapeutic strategies and agents recently approved by the US FDA for 

EGFR aberrant lung cancers. In addition, we will discuss various strategies employed in 

preventing or overcoming the inevitable occurrence of resistance during the treatment and 

new treatment methods that are underway for NSCLC.
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EGFRs in NSCLC

EGFR

EGFR overexpression in premalignant and malignant lung tissues is varied showing 

overexpression in the range of 40–80% of NSCLC patients [16]. In 2004, before EGFR 

mutation was known to be a predictive biomarker, it was assumed that certain patient 

populations benefited more from EGFR TKIs, namely, those with lung ADCs, those of 

Asian ethnicity, females, and never smokers. It is now known that the enhanced efficacy in 

these populations is due to the EGFR mutations in their tumors. Also, these mutations are 

found almost exclusively in ADCs of the lung. There is, however, no clinical characteristic 

that can be used instead of EGFR mutation testing to detect lung cancers. Recently, it has 

been observed that the role of EGFR signaling is significant in glycolysis, the pentose 

phosphate pathway and pyrimidine b iosynthesis in EGFR-mutated lung cancer [17].

HER2

ERBB2/HER2/neu is overexpressed in NSCLC and is considered to be a significant and 

independent prognostic factor in lung cancer. The exact percentage of HER2 overexpression 

in NSCLC is not clear as reported literature suggests overexpression rates ranging from 4 to 

27% [18]. This variation is not due to lung cancer cells, but seems to arise from the methods 

used to assess HER2 overexpression. The frequency of HER2 positivity depends on the 

types of tumor tissues, in other words, whether they are ADCs (17–42%), large-cell 

carcinomas (2–40%) or squamous carcinomas (0–5%). Some NSCLC patients with a 

chemoresistant phenotype may also show overexpression of HER2. During 2004–2005 

clinical trials conducted on NSCLC patients by treating them with the HER2-targeted 

antibody trastuzumab [19] in addition to gemcitabine-cisplatin or docetaxel, the benefits of 

HER2-targeted treatment for lung cancer were not demonstrated. However, Capizzo et al. 

[20] have shown that patients with lung cancer who have HER2 mutation G776L respond to 

treatment with trastuzumab and paclitaxel therapy. This reinforces the fact that HER2-

targeted therapy for HER2-overexpressed lung cancer depends on the method used for 

assessment of HER2 overexpression. Studies related to a dual kinase inhibitor afatinib 

(inhibits both EGFR and HER2 kinase activity) clearly demonstrate the importance of HER2 

overexpression and mutation and targeted therapy for HER2-positive NSCLC [21]. Recent 

findings suggest that long-term HER2 overexpression could induce serious lung 

inflammation and some precancerous lesions by upregulating inflammatory factors such as 

TNF, IL-1 and IL-6 [22]. De novo mutations in HER2 are present in 2–5% of NSCLC [23] 

and up to approximately 10% in ADCs with a phenotype similar to tumors with EGFR 

mutations. The majority (>95%) of these represent small insertions in exon 20, which cause 

a duplication of the amino acids YVMA that results in constitutive activation of HER2 [24]. 

Based on cumulative experience to date, HER2 mutations are thought to be more clinically 

relevant in NSCLC than overexpression of HER2 protein or HER2 gene amplification [12]. 

Studies regarding HER2 mutations suggest that they occurred in never smokers and, in 

particular, in the Asian population. Further studies are needed to answer some controversial 

results observed in HER2-positive NSCLC patients. There is an ongoing Phase II study of 

the use of the dual inhibitor neratinib in patients with NSCLC [25].
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Coexpression of EGFR & HER2

NSCLCs that overexpress both EGFR and HER2 demonstrate aggressive tumor cell growth. 

HER2 has been identified as the preferred binding partner of the other ERBB receptors, in 

particular, of EGFR with the formation of HER2/EGFR heterodimers with greater potential 

for signaling than EGFR homodimers. Some studies have demonstrated that NSCLCs that 

overexpress both EGFR and HER2 are more sensitive TKIs than a tumor with an increased 

expression of EGFR alone [16]. Recently, it has been shown that NSCLCs that overexpress 

both EGFR and HER2 proteins demonstrate aggressive tumor cell growth [16,26] and are 

associated with a significantly shortened overall survival rate [27]. It is known from a 

clinical trial that a correlation exists between the overall survival rate in NSCLC and 

coexpression of EGFR and HER2 than that in patients with tumors with high levels of 

EGFR or HER2 alone [27]. It is well known that heterodimerization of EGFR and 

transphosphorylation results in downstream signaling in pathways such as PI3K/Akt. This 

pathway is initiated by HER3, which lacks a kinase domain. However, HER2 is a major 

dimerization partner for EGFR and HER3. Since HER2 plays an important role in 

dimerization of receptors and phosphorylation and is important in driving the MAPK and 

PI3K/Akt pathways, targeting HER2 and inhibiting EGFR:HER2 and HER2:HER3 

dimerization should have a significant impact on HER2-overexpressed lung cancer, in 

particular, NSCLC.

HER3

Recent evidence suggests that ErbB3/HER3, one of the members of the EGFR receptor 

family, is upregulated in NSCLC and is involved in drug resistance through increased 

intracellular phosphorylation, which thereby activates PI3K/Akt signaling [28]. However, 

the HER3 kinase domain is only weakly active, and HER3 needs a dimerization partner for 

signaling. HER3 must be phosphorylated for signaling, and the most probable partner is 

HER2. Hence, studies related to HER3 are in progress at present [29]. The erbB3/PI3K/Akt 

pathway is a major cause of treatment failure in cancer therapy because of its role in 

therapeutic resistance [30]. Attempts at treatments targeted to HER3 are concentrated 

particularly on EGFR TKI-resistant NSCLC [29].

EGFR gene mutations

In 2003, EGFR TKIs were first administered to nonselected patients with advanced NSCLC, 

but only very few patients showed dramatic response [31]. Subsequent studies revealed that 

a subset of patients who showed dramatic response to EGFR TKIs was found to harbor gene 

mutations in the intracellular tyrosine kinase domain that mediates downstream signaling of 

the EGFR. The mutations exist in exons 18–21 which correspond to N-lobe and part of C-

lobe of EGFR kinase domain. The most frequently found EGFR mutations in patients with 

NSCLC include short in-frame deletions in exon 19 and a specific point mutation in exon 21 

at 858; these constitute 80–90% of the mutations detected [31]. In previous studies, NSCLC 

patients showing effective response to gefitinib were found to have mutations primarily in 

exons 18, 19 and 21. Most of these activating mutations exist near the ATP binding cleft of 

EGFR. These mutated EGFRs show lower affinity to ATP compared with the wild-type 

EGFR. The presence of deletion mutations in EGFR exon 19 in patients receiving gefitinib 
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or erlotinib therapy increased their median survival time by 38 months; in patients with 

L858R mutation in exon 21, survival time was improved by 17 months [32]. Other less 

commonly occurring mutations include point mutations in exon 18 (G719C, G719S and 

G719A) (Figure 1) and exon 20 (V765A and T783A) [15]. On the contrary, mutations in 

exon 20 are associated with resistance to TKIs such as erlotinib and gefitinib. These 

mutations could be in-frame duplication and/or insertion, and could also be point mutations. 

EGFR exon 20 insertion mutations are typically located near the C-helix of the tyrosine 

kinase domain and only account for up to 4% of all EGFR mutations. Preclinical models 

have shown that the most prevalent EGFR exon 20 insertion mutated proteins are resistant to 

gefitinib and erlotinib. Exon 20 mutations were observed in small number of patients and 

had a shorter duration of gefitinib response than those with other mutations. The 

significance of this resistance by mutations on exon 20 is not well established. Further 

studies are needed for a better outcome of treatment of lung cancer patients with EGFR exon 

20 mutations [33,34].

ADC histology, female gender, nonsmoking history and Asian ethnicity were the clinical 

predictors for harboring EGFR-activating mutations, and patients with these show promising 

response to EGFR TKIs [31]. As a result of the investigation, mutations in exons 18, 19 and 

21 are now the most reliable predictive biomarkers for the efficacy of EGFR TKIs. At 

present, patients are tested for EGFR mutations, and it is proposed that those testing positive 

should receive EGFR TKIs as initial therapy for metastatic lung cancer. Subsequently, 

erlotinib has been approved by the FDA as the first-line treatment for the patients with 

metastatic NSCLC harboring mutations in the EGFR in exon 19 and a specific point 

mutation in exon 21.

After 9–24 months, patients treated with gefitinib or erlotinib will develop resistance [35] 

due to the secondary mutations in exon 20, which is a substitution of a hydrophilic threonine 

residue (T) for a bulkier and hydrophobic methionine (M) in codon 790 (T790M) (Figure 1) 
[36]. Recently, the FDA approved afatinib, an irreversible TKI that is active against EGFR 

mutations targeted by first-generation TKIs like erlotinib or gefitinib and also against those 

not sensitive to these standard therapies. About 50% of acquired resistance in ADC cases 

was associated with T790M. Initially, it was thought that T790M would prevent binding of 

EGFR TKIs to the ATP cleft of EGFR, but later, based on crystal structure analysis, it was 

discovered that T790M mutation restores the ATP binding capability of mutated EGFR. 

Based on these results, it can be suggested that T790M is the best predictive biomarker for 

acquired resistance of EGFR TKIs. In addition to T790M, insertion mutations in exon 19 

and exon 20 also cause acquired resistance to EGFR-TKIs.

EGFR detection methods

Studies suggest that EGFR TKIs produce a promising response in patients with NSCLC 

harboring EGFR mutations; hence, the detection of somatic EGFR tyrosine kinase domain 

mutations has gained importance. Various molecular predictive detection methods such as 

DNA sequencing, immunohistochemistry, PCR, and Therascreen® (QIAGEN, CA, USA) 

EGFR RGQ PCR mutation kit are commercially available. Some of these methods have 

limitations in terms of detection of EGFR mutation. For example, the immunohistochemistry 
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method failed to detect an uncommon EGFR mutation, resistance mutation T790M in exon 

20, and failed to predict patient response to EGFR TKIs. The EGFR29 mutation kit from 

Qiagen is one of those commercially available in the market that can detect the 29 most 

frequently found EGFR mutations against a background of wild type genomic DNA. 

Cobas® (Roche Molecular Diagnostics, CA, USA) EGFR mutation test is the first FDA-

approved test for mutations in NSCLC [37,38].

Lung cancer therapy will involve screening patients for biomarkers [39-42]. However, there 

are controversies regarding the screening procedures. The National Cancer Institute initiated 

the National Lung Screening Trial in 2002. This involved randomized clinical trials that 

screened high-risk individuals with low-dose CT scan or standard chest radiography. The 

results from this trial produced a 20% reduction in mortality rates [43-45]. Such screening 

involves questions such as who should be considered as high-risk patients for screening, the 

effectiveness of screening, the risks associated with radiation, adverse events from 

additional diagnostic testing and the effects of false-positive results. However, such 

screenings may be necessary since TKIs and chemotherapeutic agents may do more harm 

than good if not treated with proper strategies.

Therapies

Traditional chemotherapeutic agents such as cisplatin have provided standard therapies for 

lung cancer. The treatment for metastatic NSCLC consists of a two-drug combination, 

including a platinum compound and a non-platinum drug such as pemetrexed, gemcitabine 

and vinorelbine, or a taxane. However, clinical response is observed in only 30–40% of 

patients [7]. Chemotherapeutic agents are often met with resistance and, hence, targeted 

therapy approaches are being pursued to treat lung cancer [46]. Since EGFRs are known to 

play a major role in lung cancer as well as in breast and ovarian cancers, targeting EGFRs 

could have a significant impact on several cancer therapies [47]. Several targeted therapies 

are available, depending on the stage of the cancer diagnosed and the type of mutation. 

Therapy is given in several rounds, depending on the patient’s condition. Here we have 

highlighted some of the widely used therapeutic agents that target EGFR in lung cancer.

TKIs

Erlotinib and gefitinib are first-generation EGFR TKIs approved for treatment of NSCLC 

[48]. These are orally available anilinoquinazolines that bind reversibly to the ATP binding 

site of the kinase domain of EGFR. In the early trials of the drugs, both erlotinib and 

gefitinib showed promising results for NSCLC patients [49]. However, use of these TKIs as 

a second and third line of therapy for advanced NSCLC patients did not yield improved 

results. But treatment may be further customized by EGFR genotype and pathology subtype 

or histology [46,50-52]. Despite encouraging responses to EGFR TKIs, most of the patients 

develop progression of the disease within one year, usually because of secondary or 

acquired resistance. It may involve, on the one hand, activation of MAPK-dependent 

pathways by a T790M mutation (constituting 50–60% of acquired resistance), decreasing 

the binding affinity to the first-generation TKIs, amplification of HER2 or MEK1, or 

activating of mutations in RAS or BRAF. MAPK-independent pathways, on the other hand, 

involve acquired PIK3CA mutations, amplification of MET proto-oncogene, which provides 
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a bypass avenue through transactivation of HER3/PI3K signaling, or impairment of cell 

death mechanisms as seen with certain germline polymorphic variants of the proapoptotic 

molecule proapoptotic BCL-2-interacting mediator. Other documented phenomena to 

explain treatment resistance include epithelial-to-mesenchymal transition mediated by either 

AXL kinase activation or activation of TGF-β pathway through downregulation of mediator 

of RNA polymerase II transcription, subunit 12 (MED12) and phenotypic transformation to 

small-cell histology.

Second- and third-generation EGFR TKIs are being developed as part of the strategy to 

overcome treatment resistance to first-generation EGFR TKIs (Table 2). The second-

generation TKIs include the irreversible inhibitors of the ErbB family of receptors: afatinib 

(also known as BIBW 2992, which targets EGFR, HER2 and HER4), dacomitinib (also 

known as PF0299804, which targets EGFR, HER2 and HER4) and neratinib (also known as 

HKI272, which targets EGFR and HER2). These agents are intended to improve the efficacy 

of treatment in patients with activated mutant EGFR and acquired resistance to first-

generation EGFR TKIs. These agents have been or are being evaluated in clinical trials, with 

afatinib and dacomitinib having progressed the furthest in clinical development. The FDA 

has recently approved afatinib for metastatic NSCLC patients with tumors harboring exon 

19 deletion or exon 21 substitution mutations in EGFR gene as a first-line treatment. 

Afatinib is an irreversible pan inhibitor that binds to multiple kinases. Dacomitinib is in 

Phase III clinical studies due to its acceptable safety profile. Further development of 

neratinib in NSCLC is unlikely because of its low clinical activity as well as dosing 

limitations arising from diarrhea-related toxicities. Pelitinib (EKB-569) and canertinib 

(CI-1033) have also been discontinued from further clinical development [48].

The dominant resistance mechanism developed to EGFR-directed therapy is a kinase-

activating mutation T790M. Third-generation EGFR inhibitors designed to inhibit the EGFR 

T790M mutant include HM781–36B, WZ4002, CO-1686 and AZD9291. Poziotinib 

(HM781–36B) is a new potent irreversible inhibitor of EGFR, HER2, HER4 and the TEC 

family of kinase inhibitors (Bruton’s tyrosine kinase, B lymphocyte kinase and BMX). In 

pre-clinical studies, it demonstrated efficacy against T790M mutant at a dose eightfold 

lower than that for afatinib, and is presently being evaluated in Phase II clinical studies. 

Another new agent, AZD9291, showed promising results in clinical Phase I trials – tumor 

shrinkage was observed in 64% of 205 patients with mutant EGFR. Similarly, treatment 

with CO-1686, a covalent inhibitor of mutant EGFR, was well-tolerated and showed tumor 

shrinkage in 58% of 72 patients with T790M mutations. Currently, both of these agents are 

subjects of Phase II as well as Phase III clinical studies and have received a special 

‘breakthrough status’ from the FDA for expediting the approval process. Icotinib is another 

candidate with an acceptable adverse effect profile that is under investigation for activity in 

NSCLC patients harboring EGFR mutations [48,71].

Possible mechanisms of acquired resistance to these next-generation TKIs are increased 

extracellular signal-regulated kinase activation by increased MEK1 signaling or 

downregulation of negative regulators of extracellular signal-regulated kinase signaling, 

which may be overcome by the use of MEK inhibitors. Findings from recent studies suggest 

that the combination of WZ4002 and an MEK inhibitor appears to be preclinically effective 
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in treating drug-resistant tumors as well as in delaying the emergence of tertiary drug-

resistant clones. The multitargeted EGFR/HER2/VEGFR/EphB4 inhibitor XL547 and the 

dual reversible ALK/EGFR inhibitor AP26113 also demonstrated preclinical activity against 

EGFR T790M mutant tumors. Early clinical phase data on XL647 and AP26113 suggested a 

preliminary hint of modest clinical activity in patients with resistance to other EGFR TKIs 

[11]. The FDA recently approved crizotinib, which is an ALK and c-ros oncogene 1 (ROS1) 

inhibitor, for lung cancer treatment.

Monoclonal antibodies

Cetuximab (erbitux) is an immunoglobulin G chimeric mAb against EGFR. It competitively 

inhibits ligand binding and has been investigated in combination with chemotherapy in 

Phase III trials (ErbituX in lung cancer [FLEX] study) of molecularly unselected NSCLC 

patients [72]. A FISH assay to determine EGFR gene copy number had demonstrated 

potential promise as a predictive marker of response to cetuximab in a small study [15,73]. 

However, no biomarker was found to consistently correlate with the benefit from cetuximab 

in the concluded Phase III clinical studies for NSCLC, including EGFR, FISH or KRAS 

mutation status. Other mAbs against EGFR under investigation in trials for NSCLC include 

necitumumab, panitumumab, nimotuzumab, matuzumab and zalutumumab (Table 2).

A different approach in addressing EGFR TKI resistance involves the use of combination 

regimens. For the first time, a combination of afatinib and cetuximab was reported to be 

very promising in terms of an overall response rate of 29% even in mutant T790M cases. 

Other combinations of erlotinib with cetuximab and erlotinib with MM-121, a fully human 

mAb that targets HER3, in patients with acquired resistance to EGFR TKI did not show 

sufficient clinical activity for further investigation. Also, the combination of anti-ErbB3 

antibodies with EGFR TKIs synergistically affected cell proliferation in vitro, caused cell 

cycle arrest, upregulated p21 expression and inhibited tumor growth in mouse xenografts 

[28]. An approach using chemotherapies, antibodies and immunotherapy seems to show 

shrinkage of tumors with a T790M mutation. Such methods of blocking at both intracellular 

and extracellular levels, called ‘vertical blockade’, could improve the therapeutic outcomes 

for EGFR-TKI resistant tumors [74,75].

Novel agents like dual-targeting antibodies that bind to two antigens or tumor marker 

proteins are also under development [76]. Encouraging results were observed with a 

combination of the HER2 dimerization inhibitor pertuzumab and EGFR TKI erlotinib in 

NSCLC patients in Phase Ib clinical trials [67]. However, the tolerance levels were poor, 

with adverse effects such as pneumatosis intestinalis [68]. Scheuer et al. studied the 

effectiveness of a combination of trastuzumab and pertuzumab in the inhibition of HER2-

overexpressed tumor growth. They concluded that this combination has a synergistic 

antitumor effect on NSCLC (Calu-3) and breast cancer xenograft models. Moreover, it was 

shown to reduce the metastasis of breast cancer to lung tissues. Initially, clinical trials in 

HER2-positive NSCLC patients undergoing chemotherapy failed to show any benefit from 

adjuvant therapy with the anti-HER2 antibody trastuzumab. However, in later studies HER2 

mutations were shown to play a more significant role in lung carcinogenesis than 

overexpression of HER2 protein in patients with HER2-mutant NSCLC [20,70].
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Conclusion & future perspective

Lung cancer has always been viewed as one of the most difficult cancers to treat. To make 

treatment more complicated, the incidence of lung cancer rises substantially with age. Only 

about one-third of cases develop below the age of 65 years; the majorities of patients are 65 

years and over, with the median age of onset around 70 years. The general strategy of cancer 

therapy that involves surgery to remove as much of the tumor as possible and then treat with 

chemotherapy or radiation therapy to remove the remaining cancer tissue does not apply to 

lung cancer treatment [77,78]. This is because, in the case of lung cancers, tumors are 

diagnosed after the cancer has already spread past the lungs. As a result, surgery alone very 

rarely leads to a cure; pulmonary function and age complicate the option of surgery and, 

thus, most patients are unfortunately not even candidates for surgery. The opportunity to 

detect the cancer early means that more individuals could be cured by surgical excision or 

radiation therapy. Either of these can be followed by adjuvant chemotherapy for those with a 

high likelihood of microscopic disease spread. Since smoking is related to lung cancer, one 

of the ways to reduce the number of lung cancer patients is to reduce smoking. The result of 

reduced smoking has not been clear as yet, since a high percentage of lung cancer is seen in 

individuals who are only casual smokers or former smokers and the risk of lung cancer does 

not seem to decline for many years following smoking cessation (American Cancer Society 

Facts and Figures 2013 [79]).

In the past ten years, the EGFR family has gained significance in NSCLC biology and has 

become a key focus of targeted therapies. There is no doubt that personalized therapy for 

advanced NSCLC has been improved by the introduction of the TKIs gefitinib and erlotinib. 

However, TKI therapy is limited by the development of resistance in most of the patients 

that are treated. Hence, several efforts are being undertaken to understand the mechanisms 

of resistance in order to develop combination treatments capable of sensitizing cells resistant 

to EGFR TKIs. Despite the number of possible drugs and treatments available for lung 

cancer therapy, lung cancer still results in the largest number of cancer-related deaths 

worldwide of which more than 85% are from NSCLC [80]. In 2001, the overall 5-year 

survival rate was 14% for lung cancer [81]. After nearly a decade, the predicted overall 5-

year survival rate was 15.9%. Although saving each patient is considered remarkable in 

cancer treatment, a decade of improvement in science and technology has only marginally 

improved the therapeutic effects in lung cancer. The major reasons for this are the 

development of resistance to most of the TKI or antibody treatments and the heterogeneity 

of the disease [6]. In addition, lung cancer treatment is complicated by the fact that most 

patients do not exhibit any symptoms until the cancer has spread too far to be cured. In 

addition to therapy for lung cancer tumors, patients need improved quality of life as they 

suffer from airway obstruction. In many cases, bulky endobronchial disease or extrinsic 

compression of the major airways results in significant difficulty in maintaining a good 

quality of life during treatment [82].

There has been significant progress in recent years in the area of lung cancer diagnosis and 

treatment. Further, there has been progress in treatment with combination drug therapies 

after radiation therapy and with new compounds targeted at driver mutations [83]. Based on 

the literature reports and the development of resistance, it is clear that lung cancer treatment, 
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in particular NSCLC treatment, cannot be viewed as ‘one-size fits-all’ type of therapy. 

Future treatments will involve individualized therapies based on extensive knowledge about 

the type of pathological condition the patient exhibits in NSCLC [84]. The pretreatment 

detection of responsive predictor markers and individualized effective treatments will help 

to maximize the therapeutic index of lung cancer treatment. The last decade has seen 

advances in screening procedures using next-generation sequencing [85,86], large databases 

of genomics and proteomics for tumor types [87], and molecular markers and biochemical 

knowledge of the molecular basis of the development of resistance in terms of mutation. All 

of these will help physicians and scientists decide how a particular subset of NSCLC can be 

treated. Future therapies will be based on the mutations found in patients’ tumors. In the 

USA, there is a lung cancer mutation consortium, and in Europe, the International 

Association for the Study of Lung Cancer, European Thoracic Oncology Platform, and 

European Respiratory Society have been established; these involve many centers across the 

USA and Europe [88]. The data generated by these centers can be shared so that any new 

mutation can easily be screened and an effective therapy can be proposed. The majority of 

the NSCLC mutations have been observed in EGFR [89]. Several combination therapies 

proposed are already in clinical trials. One example is EML4-ALK/crizotinib [90,91]. The 

lung cancer mutation consortium is also conducting a study in which lung cancer tissue is 

assessed for ten known driver mutations in EGFR, ALK, KRAS, HER2, BRAF, PIK3CA, 

AKTI, MEKI, NRAS and MET using a multiplex assay. New drug-like molecules targeting 

these mutations are under development. In the case of HER2 and EGFR overexpression, 

targeted drugs that are already on the market (such as trastuzumab and lapatinib, which are 

used in breast cancer) are being evaluated for lung cancer therapy. New TKIs such as 

afatinib, which was approved in July 2013 for EGFR with mutations, have shown positive 

results [21,92]. Such pan inhibitors and combination therapies with these pan inhibitors are 

the future drugs of choice [55,93]. However, all of these treatments require testing of EGFR 

mutations in patients with NSCLC. In the coming decade, lung cancer therapy will involve 

screening patients for biomarkers [94,95].

Possible treatments for lung cancer in the near future include next-generation therapies such 

as therapeutic cancer vaccines [96-100] and stem-cell treatments [101,102] that will play a 

major role. Therapeutic cancer vaccines, also known as immunotherapy treatments, are 

drugs that attempt to teach a patient’s immune system to recognize cancer cells so that they 

can be naturally destroyed. Stem-cell targeting in NSCLS is still in the infancy stage, and 

much more detail about cancer stem cells has to be studied before drugs can be targeted to 

stem cells. Protein–protein interactions have also been targeted for lung cancer [103]. These 

could be interfaces of EGFR proteins or other oncogenic proteins such as BCL1-Beclin 1 

[104,105]. The targeting molecules could be antibodies, peptides, peptidomimetics or small 

molecules. Many of these molecules are in the preclinical stages. Our research group has 

developed new and novel peptidomimetics that target the extracellular domain of HER2 

protein, in particular, domain IV of HER2 protein, and inhibit protein–protein interactions of 

EGFR (Figure 2) [106-108]. These are dual inhibitors that inhibit EGFR:HER2 and 

HER2:HER3. Such dual inhibitors block phosphorylation of EGFR and HER2 and also 

block the downstream signaling of the MAPK and PI3K pathways. HER2 plays an 

important role in the dimerization of receptors and phosphorylation and is important in the 
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MAPK and PI3K/Akt pathways. Targeting HER2 and inhibiting EGFR:HER2 and 

HER2:HER3 dimerization may have a significant impact on HER2-overexpressed lung 

cancer, in particular, NSCLC. These compounds bind to the extracellular domain and, 

hence, do not need to be transported into the cells. Furthermore, since these molecules target 

protein–protein interfaces but not the kinase domain, the probability of developing mutation 

is less and hence less resistance to the treatment. The development of such molecules as 

therapeutic agents is yet to be seen.

Systematic genotypic testing in NSCLC patients for the detection of HER2 and EGFR 

mutations is crucial for treatment with targeted therapies. The co-overexpression of EGFR 

and HER2 in NSCLC and the poor survival rate of patients with coexpression of these 

receptors suggest that EGFR and HER2 should be simultaneously targeted for treatment. 

Most of the next-generation drugs, including afatinib and neratinib, target both EGFR and 

HER2. Although there is much research being conducted in this area, there are very few 

EGFR-targeted therapies available to patients with advanced lung cancer. This may be 

attributed to challenges encountered in the development process – cost, quick development 

of resistance, lack of novelty, efficacy versus toxicity and barriers in the late clinical trials. 

Addressing all of these issues is important for the development of more targeted therapies in 

the future. The future of lung cancer therapy is a long road compared with that of breast and 

prostate cancer and depends heavily on genetic screening.
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EXECUTIVE SUMMARY

Background

• Lung cancer causes more deaths annually than the four major cancers: prostate, 

breast, colon and pancreatic cancers combined. Among different types of lung 

cancer, approximately 85% of them are non-small-cell lung cancers (NSCLCs) 

making it the most common type of lung cancer.

EGF receptors in NSCLC

• Mutations in EGFR are thought to be more clinically relevant in NSCLC than 

overexpression of HER2 protein or gene amplification. Currently, patients are 

routinely tested for EGFR/HER2 mutations. Lung cancer patients harboring 

activating mutations for EGFR receive an EGF receptor (EGFR)–tyrosine 

kinase inhibitor (TKI) as initial treatment.

TKIs & resistance

• Patients harboring EGFR mutations initially respond well to EGFR-TKIs, but 

acquired mutations render the patients resistant to the available drugs. These 

mutations include EGFR T790M point mutation.

• The strategies currently under development to overcome resistance include the 

use of oral irreversible, small molecules or human EGFR and pan-HER 

inhibitors. These drugs include afatinib (approved by the US FDA), neratinib, 

pelitinib, AZD8931, canertinib and PF299.

Monoclonal antibodies

• Cetuximab and other monoclonal antibodies against EGFR under investigation 

in trials for NSCLC include necitumumab, panitumumab, nimotuzumab, 

matuzumab and zalutumumab.

Future perspective

• NSCLC treatment cannot be viewed as ‘one-size-fits-all’ type of therapy. Future 

treatments will involve individualized therapies based on extensive knowledge 

of the type of pathological condition the NSCLC patient exhibits. Screening 

procedures using proteomics and genomics will play a major role in the 

therapeutic effect of lung cancer.

• Apart from combination therapies from TKIs, new novel molecules based on 

protein–protein interaction and peptide or protein vaccines will dominate lung 

cancer therapy.
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Figure 1. Crystal structures of wild-type and mutant EGF receptor kinase domain showing the 
ATP binding site occupied by the anticancer drug gefitinib
Note the mutations G719S and L858R near the binding site shown as blue sticks. The kinase 

domain of EGF receptor and its mutants are shown in overlapped ribbons: green – wild-type 

(PDB ID 2ITY), gefitinib is shown as red sticks; yellow – mutant (PDB ID 2ITO), gefitinib 

is shown as orange sticks; and cyan – mutant (PDB ID 2ITZ), gefitinib is shown as magenta 

sticks. These mutations affect the binding of the drug to the receptor and cause resistance to 

cancer treatment. Mutation in the binding site that restores the ATP binding (T790M) is also 

shown in blue. T790M was suggested to be used as a biomarker for acquired resistance of 

tyrosine kinase inhibitor therapy.
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Figure 2. Protein–protein interaction inhibition method for the development of drugs for 
different types of EGF receptor-overexpressed cancer
The extracellular domains of EGFR and HER2 are shown as heterodimers. Note that domain 

IV is involved in the interaction of two proteins. Domain IV can be targeted with small 

molecules, peptides or peptidomimetics for the inhibition of dimerization. The region of PPI 

and its inhibition is marked by an oval shape. The model of EGFR:HER2 heterodimer was 

generated [108,109] using the crystal structures of EGFR (PDB ID 3NJP) [110] and HER2 

(PDB ID) [111] with a homodimer of EGFR as a template (PDB ID 3NJP). EGFR: EGF 

receptor; PPI: Protein–protein interaction.
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Table 1
The key targets of various agents in non-small-cell lung cancer in clinical phases of 
development

Target proteins/receptors Agents approved/under investigation for NSCLCs

EGFRs
Lapatinib

†
, afatinib (BIBW2992)

†
, dacomitinib (PF00299804), CO-1686, AZD9291, pertuzumab

mTOR Sirolimus, everolimus, temsirolimus

BRAF Dabrafenib (GSK2118436), vemurafenib (PLX4032), LGX818

MAPK Trametenib (GSK1120212), selumetinib (AZD6244), GDC-0973

c-MET EMD1214063, INC280, cabozantinib (XL184), tivantinib (ARQ197), foretinib (GSK1363089), onartuzumab
(OAM4558g)

FGFR/VEGFR
Cediranib, nintedanib (BIBF 1120), pazopanib

†
, ponatinib

†
 [14]

DDR2/Bcr-Abl Dasatinib, sorafenib, ponatinib

PIK3CA PF-4989216

AKT MK2206, GDC0068, AZD5363

ALK Crizotinib (PF-02341066), LDK378, AP26113, CH5424802

RET XL-184, sorafenib

EGFR: EGF receptor; FGFR: FGF receptor; NSCLC: Non-small-cell lung cancer; VEGFR: VEGF receptor.

†
US FDA-approved drugs; for more information see [15].

Future Oncol. Author manuscript; available in PMC 2016 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kanthala et al. Page 22

Table 2
Different tyrosine kinase inhibitors and monoclonal antibodies that are approved or in 
clinical trial/discontinued for non-small-cell lung cancer therapy

Therapy Mechanism of action Stage of development Adverse effects
†

First-generation TKIs

Gefitinib [53] Reversible EGFR TKI US FDA approved in 2003; 
withdrawal
of approval in 2005 due to lack of
survival benefit

Rash, vomiting, stomatitis,
dehydration

Erlotinib [54] Reversible EGFR TKI FDA approved for metastatic NSCLC
in 2014

Rash, diarrhea, loss of appetite,
rarely interstitial pneumonitis

Second-generation TKIs

Afatinib [21] Irreversible EGFR (including T790M 
mutant
EGFR), HER2 and HER4 TKI

FDA approved Diarrhea, stomatitis, dermatitis acne
form, decreased appetite, dry skin,
nose bleed

Dacomitinib [55] Irreversible TKI targeting EGFR, HER2, 
HER4

Phase III, disappointing results in
terms of superiority

Diarrhea, acne form dermatitis,
fatigue, stomatitis, rash, dry skin

Neratinib [56,57] Irreversible EGFR and HER2 TKI Phase II, poor bioavailability, diarrhea
related dose limitation

Severe diarrhea toxicity

Third-generation TKIs

Poziotinib [58] Irreversible mutant EGFR TKI Phase II Diarrhea, stomatitis, rash, dermatitis
acneiform, anorexia, dry skin

AZD9291 [59] Irreversible mutant EGFR TKI Phase I Diarrhea, rash, nausea

CO-1686 [60] Irreversible mutant EGFR TKI Phase II Hyperglycemia, nausea, diarrhea,
decreased appetite, vomiting,
fatigue, myalgia

Monoclonal antibodies

Cetuximab [61] Monoclonal antibody against EGFR Phase III Breathing difficulty, low blood
pressure, acne-like rash

Necitumumab
[62]

Monoclonal antibody against EGFR Phase III in combination with
gemcitabine-cisplatin chemotherapy

Panitumumab
[63]

Human monoclonal antibody against 
EGFR

Phase II in combination with
carboplatin and pemetrexed

Nausea, fatigue, rash,
thrombocytopenia, neutropenia,
dehydration

Nimotuzumab
[64]

Humanized monoclonal antibody to 
EGFR

Phase II along with radiation
ordocetaxel and cisplatin

Fatigue, anorexia, chills, pain,
hypophosphatemia

Matuzumab [65] Humanized monoclonal antibody to 
EGFR

Phase II in combination with
paclitaxel, development discontinued

Zalutumumab
[66]

Human monoclonal antibody against
domain III of EGFR

Phase II discontinued

Combination therapies

Pertuzumab +
erlotinib [67,68]

Pertuzumab–HER2 dimerization 
inhibitor
Erlotinib–EGFR TKI

Phase II Pneumatosis intestinalis

Cetuximab +
erlotinib [69]

Cetuximab–anti-EGFR antibody that
prevents EGFR activation
Erlotinib–EGFR TKI

Phase II Rash, fatigue, hypomagnesemia
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Therapy Mechanism of action Stage of development Adverse effects
†

Trastuzumab +
pertuzumab [70]

Trastuzumab–antibody-dependent 
cellular
cytotoxicity, blockade of HER2 signals
Pertuzumab–HER2 dimerization 
inhibitor

Preclinical

EGFR: EGF receptor; NSCLC: Non-small-cell lung cancer; TKI: Tyrosine kinase inhibitor.

†
Adverse effects were cited from clinicaltrials.gov.
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