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Abstract
Lung cancer is a complex and often fatal disease. The recent discoveries of activating mutations in EGFR and fusion genes 
involving ALK are milestones in a trend towards more personalized medicine in lung cancer. Targeting these alterations leads 
to survival benefit for our patients. EGFR and ALK testing can nowadays be considered as standard practice. Newer targets 
in the fight against lung cancer are discussed, such as MET and ROS.1 in adenocarcinoma. Also, new targets for squamous 
cell carcinoma are emerging, such as FGFR and DDR2.
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INTRODUCTION

In the past years, tremendous efforts have been 
directed toward identifying potentially drugable molec-
ular alterations in lung cancer. The sobering fact 
remains that, to date, we can identify therapeutic tar-
gets in only 20% of lung cancers (1). 

The good news is that the clinical benefit from tar-
geted therapies is greater than that for chemotherapy. 
In this review, we will focus on currently drugable 
mutations in non small cell lungs, and discuss some 
newer molecular targets. 

EPIDERMAL GROWTH FACTOR RECEPTOR 
(EGFR) MUTATION

EGFR is part of the ErbB family of cell surface 
receptor tyrosine kinases, which control signal trans-
duction pathways that regulate proliferation and apop-
tosis (2). These transmembrane receptors subsist as 
monomers on the cell surface. When these receptors 
bind to an extracellular signal (called “ligand”), they 
become activated. Known ligands for EGFR are epi-
dermal growth factor “EGF), epiregulin and transform-

ing growth factor alpha. A normal, resting EGFR is 
in a “blocked” state: it cannot dimerise because the 
dimerisation arms, located on the extracellular part of 
the receptor, are folded in such a way that they are not 
available on the surface of the molecule.

Ligand binding induces conformational changes; 
the extracellular part of the molecule unfolds and the 
dimerisation arms are now exposed, so that dimerisa-
tion can occur. 

Homodimerisation means that EGFR couples with 
another EGFR. If another partner is involved (for 
example Her2 or Her3), then the process is called 
heterodimerisation. “Dimerisation” means “activation” 
of the receptor. 

An active state means that a phosphate group from 
ATP can transfer to the cytoplasmic tail of the recep-
tor, in particular to tyrosine residues in this tail (“tyro-
sine transphosphorylation”). Activation of the receptor 
means that by the process of dimerisation, the ATP 
binding pocket (cleft) of the receptor opens itself so 
that ATP can enter the receptor, allowing the transfer 
of phosphate by the kinase. 

One way of blocking EGFR is to develop a small 
molecular molecule that competes with ATP in enter-



ing the ATP binding pocket. In that way, the kinase 
activity of the receptor is blocked. This is the rationale 
for the development of gefitinib and erlotinib, so-called 
“tyrosine kinase inhibitors” (TKI’s).

When treating unselected NSCLC patients with 
these TKI’s, the results were disappointing. However, 
a subpopulation of patients experienced exquisite 
responses. In 2004, it was demonstrated that these 
responders had activating mutations localized within 
or near the ATP-binding site of the kinase (3, 4). 

These activating EGFR mutants have a high-
er kinase activity than wild-type EGFR molecules. 
Recently, it has been shown that this is not due to an 
enhanced intrinsic catalytic potency of the mutant, but 
to a decreased threshold for dimerisation-mediated 
activation.

In other words: the mutant is predisposed to dimer-
ize (5).

Why do NSCL tumors with activating EGFR muta-
tions respond better to TKI’s than WT EGFR tumors?

Erlotinib and gefitinib are in competition with ATP 
for entrance to the ATP binding pocket. These muta-
tions alter the shape of the ATP binding pocket in such 
a way that TKI is the winner, and blocks the kinase 
activity. This mechanism also explains how resistant 
mutations can work: by changing the shape of the 
pocket in such a way that TKIs have more difficulty in 
entering the pocket.

In the end, all patients on TKI’s develop resistance. 
Resistance to EGFR TKI’s is due to a T790M mutation 
in 50% of cases.

In T790M, threonine is substituted by methionine 
in the catalytic cleft. This leads to a conformational 
change by which ATP is the winner in the competition 
between ATP and TKI (6).

EGFR MUTATION TESTING

Mutational status is the most important determi-
nant of response to TKI’s. Furthermore, patients with 
mutation-negative NSCLC have superior responses to 
conventional chemotherapy than to TKI administra-
tion, further indicating the importance of using the 
mutational status to guide the therapy section (7). 

The American Society of Clinical Oncology pub-
lished a provisional clinical opinion in which it is stated 
that “patients who are being considered for first-line 
therapy with an EGFR TKI should have their tumor 
tested for EGFR mutations to determine whether an 
EGFR TKI or chemotherapy is the appropriate first-line 
therapy. 

They include patients with advanced NSCLC, and 
recommend testing mainly, but not exclusively, in 

patients with adenocarcinoma (8). In Europe, squa-
mous cell carcinomas are excluded for testing, unless 
the patient is a non-smoker (9). Also, large-cell neuro-
endocrine carcinomas and mucinous adenocarcino-
mas are excluded.

The starting materials for EGFR mutation analysis 
are usually the material still available in the diagnostic 
samples. This EGFR analysis can be performed in 
materials from bronchoscopic biopsies, core biopsies 
from peripheral neoplasms and surgical resection 
specimens of the primary tumor. However, fine needle 
aspiration cytology or pleural effusion samples can 
also be used (by way of the cytology cell block tech-
nique) (10).

Is there enough tumor tissue on which to perform 
molecular testing? There is no definite answer to this 
question: how much is enough? The pathologist is 
best qualified to judge if a sample is adequate (con-
sidering the molecular testing technique used). Some 
studies have shown that EGFR mutations can be het-
erogeneously distributed in individual tumors. 

A recent, well-documented study however, sug-
gests that there are no differences in EGFR mutation 
status regardless of biopsy site (11).

There are several different methods of mutational 
analysis (12). In this regard, two important issues 
should be considered. First, some methods are capa-
ble of detecting any mutations present in the exons 
examined. Others, so-called allele-specific methods, 
are capable of detecting only certain types of muta-
tion (e.g. length analysis for deletion) or the particular 
set of mutations the testing methodology is designed 
to detect. Those involved in testing should be aware 
of the mutations potentially found, or missed, by their 
chosen methodology. The second issue is that of test 
sensitivity, in this context referring to the level at which 
the test can detect mutated genome when diluted by 
wild-type genome. A test sensitivity of 5% suggests 
that a mutation could be detected to a dilution of 1/20. 
Extracted tumor DNA will always include wild-type 
EGFR from non-neoplastic cells in the sample.

ANAPLASTIC LYMPHOMA KINASE (ALK) 
REARRANGEMENT IN NSCLC

ALK is also a tyrosine kinase receptor. Its ligand is 
unknown, at least in humans.

The enzyme was first found as a chimeric protein 
resulting from a chromosomal translocation, t(2;5) 
(p23;q35) in anaplastic large cell lymphoma.

In 2007, a different ALK translocation was found 
in NSCLC (13). By an inversion, part of the ALK gene 
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located on chromosome fused with part of another 
gene located on the same chromosome. This gene is 
the EML-4 gene (Echinoderm Microtubule-Associated 
protein-like 4 gene). What happens is that the tyrosine 
kinase-coding domain of the ALK gene fuses with part 
of the EML-4 gene, containing the code for the dimeri-
sation domain. So, a new “fusion” protein is created, 
which contains a tyrosine kinase domain and a dimeri-
sation domain. As soon as this new (fusion) gene is 
transcribed, dimerisation occurs and the new protein 
is active. A normal ALK receptor is located on the cell 
membrane and needs a ligand for activation. This new 
ALK fusion protein is already active in the cytoplasm, 
without the need for ligand binding.

The EML4-ALK fusion gene has been detected in 
about 3-5% of lung adenocarcinoma, and its trans-
forming potential could be shown in NSCLC cell lines. 
As early as two years after the first description of 
this genetic aberration, results of a phase I/II clinical 
trial testing an oral c-met/ALK inhibitor (crizotinib) in 
relapsed NSCLC harboring EML4-ALK were pre-
sented at the ASCO annual meeting in 2009 report-
ing surprisingly high response rates. One year later, 
updated results were published with a confirmed par-
tial response rate of 57% and a PFS rate of 72% after 
six months (14).

Based on the result of this and a further earlier 
phase trial, both with primary endpoint response rate 
(RR), crizotinib was approved by the FDA for treatment 
of ALK-positive advanced NSCLC.

Current phase III trials are comparing crizotinib and 
chemotherapy in the first line and relapsed situation 
in ALK-positive patients. The remarkably short time 
period from the generic aberration to the approval of 
the drug (four years) emphasizes the current dynamics 
in the clinical development of personalized treatment 
approaches. 

Three methods can detect ALK rearrangements: 
fluorescence in situ hybridization (FISH), reverse 
transcriptase-PCR (RT-PCR; multiplex RT-PCR) and 
immunohistochemistry (for aberrant expression of ALK 
protein) (12).

Multiplex RT-PCR may not be able to detect all 
the translocations involving the ALK gene. Indeed, 
not only EML-4 can act as a partner for ALK; other 
partners have been described and the list is growing.

The problem with immunohistochemistry-until now-
is sensitivity. ALK-rearranged NSCLCs, irrespective of 
the fusion partner, invariably express ALK protein but 
at much lower levels than anaplastic large cell lympho-
mas. As a result, greater than 30% of ALK-rearranged 
NSCLCs are not identified by stand immunohisto-

chemistry assays using the ALK antibody that has 
been used most prevalently worldwide (ALK 1, Dako 
USA, Carpentaria, California) (15, 16).

A novel antibody (D5F3, Cell Signaling Technology, 
Danvers, Massachusetts) seems to be a better alterna-
tive, but this has to be confirmed (16). 

Up to now (despite some shortcomings), FISH is 
currently considered as the gold standard. FISH posi-
tivity for ALK rearrangement was (and is) required for 
entry into clinical trials.

OTHER MOLECULAR ABNORMALITIES THAT 
SHOW PROMISE FOR TARGETED THERAPIES

MET (mesenchymal-epithelial transition) gene copy 
number increases have been described and impli-
cated in the pathogenesis of NSCL (17). Although 
true de novo MET amplification is rare in NSCLC, it 
is important as an acquired resistance mechanism in 
patients with activating EGFR mutations who progress 
on EGFR tyrosine kinase inhibitor (TKI). Up to 20% of 
patients on EGFR on TKI develop resistance by MET 
amplification. Crizotinib was in fact developed as a 
MET inhibitor. 

Activity of crizotinib in patients with MET amplifica-
tion have been demonstrated (16). An important fact in 
the MET story is also that 67% of adenocarcinomas, 
60% of carcinoids, 57% of large cell carcinomas, 57% 
of squamous cell carcinomas and 25% of small cell 
lung cancers strongly express MET. 

Several MET inhibitors are currently under investi-
gation. 

Another player in the field is ROS1. ROS1 gene rear-
rangement defines a molecular subset of NSCLS with 
distinct clinical characteristics that are similar to those 
observed in patients with ALK-rearranged NSCLC. 
Crizotinib shows in vitro activity and early evidence of 
clinical activity in ROS1 rearranged NSCLC (18).

All the advances described here, are more effective 
for patients with non-squamous NSCL. Recent data 
however, indicate that, similar to adenocarcinomas, 
squamous cell carcinomas (SCC) are also molecularly 
heterogeneous tumors. 

Recent advances in basic science have also identi-
fied mutations, which are believed to be driver muta-
tions. Two of them are discussed here.

The first one is fibroblastic growth factor 1 (FGFR 
1) gene amplification. This FGFR 1 is one of the four 
members of the FGFR family. This receptor family has 
a prominent role in the regulation of cell proliferation 
and survival (19). Amplification of this gene has been 
seen in more than 20% of SCCs but only rarely in 
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adenocarcinoma. A growing body of preclinical data 
shows that inhibition of FGFR signaling can result in 
anti-proliferative and/or pro-aptolic effects, both in 
vitro and in vivo. Several FGFR inhibitors are in devel-
opment. Note that FGFR signaling deregulation also 
happens in other tumor types (20, 21). 

Mutations in another kinase receptor, discoid 
domain receptor 2 (DDR2) have been described in 
about 4% of SCC (22). In cell line and xenograft mod-
els, growth of DDR2 mutants is inhibited by dasatinib, 
a tyrosine kinase inhibitor already in widespread use 
for the treatment of chronic myelogenous leukemia. 
Several phase II trials are ongoing.

CONCLUSION

Strenuous efforts are being made for eliciting a 
detailed analysis of the mutational spectrum of “dru-
gable” oncogenes in NSCLC. Outside EGFR mutations 
and ALK rearrangements, it has become clear that 
other oncogenes such as MET, ROS, FGFR and DDR2 
are important players in the field. It is foreseeable that 
in the near future most patients with NSCLC will have 
their specific therapy delineated by tumor genotyping. 
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