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  Pref ace     

 This is the second part of volume  Lung Cancer and Personalized Medicine . Part I of 
this volume, available as a separate book, discussed lung cancer as a disease, the 
available therapies and the associated challenges. In this edition, we focus on the 
upcoming and novel strategies to better understand and target lung cancer. As dis-
cussed in the chapters presented here, our understanding of lung cancer and the vari-
ous factors associated with its onset and progression has vastly improved in last 
several years. All this information is critical to developing personalized therapies 
tailored for the benefi t of individual patients. 

 A major component of personalized therapy is the ability to profi le an individual 
lung cancer patient. The molecular and genomic profi ling of lung cancers are steps 
in this direction.  Chapter   1      focuses on the advancements in these areas of lung can-
cer research.  Chapter   2      summarizes all of the emerging biomarkers, relevant to 
personalized care of lung cancer patients. This chapter discusses the many potential 
biomarkers, such as ROS1, RET, MET, HER2 and BRAF that are under investiga-
tion. This is in addition to EGFR and ALK, the more established biomarkers cov-
ered in more detailed chapters in part I of this volume. For a successful personalized 
profi ling of lung cancer patients, a comprehensive signature, with relative status of 
multiple biomarkers, is very critical.  Chapter   3      focuses on the process of epithelial 
to mesenchymal transition (EMT), a phenomenon that is particularly relevant to 
metastasis of lung cancers. The important role that EMT plays in acquisition of 
stem cell-like properties and resistance to targeted therapies is now well accepted, 
and all these topics are covered in this chapter. 

  Chapter   4      continues on the topic of cancer stem cells (CSCs) and provides a 
more detailed overview of our knowledge on the topic. The existence of CSCs has 
been a hotly debated topic for last several years. In addition to the various markers 
and a role of CSCs in the recurrence and drug resistance mechanisms of lung can-
cers, this chapter also describes the emerging evidence of natural agents and their 
synthetic derivatives as compounds that can effectively target CSCs.  Chapter   5      
details the current knowledge of lung cancer cells’ niche—the microenvironment—
which feeds and sustains lung cancer cells, providing them the perfect environment 
to acquire an aggressive phenotype. A better understanding of tumor microenvironment 
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is critical to the development of future personalized therapies for lung cancer 
patients. The next chapter,  Chapter   6     , examines the epigenetic changes associated 
with lung cancer progression and their possible validation as therapeutic targets. 
This chapter discusses the epigenetic changes that are now known to infl uence the 
expression of oncogenes as well as the tumor suppressors, and the various epigen-
etic events that can potentially be targeted as part of personalized management of 
lung cancer patients. 

  Chapter   7      provides a detailed overview of next-generation sequencing and the 
associated promise of early detection and molecular profi ling of lung cancers. The 
importance of early detection and complete profi ling cannot be over-stated, and, 
moving forward, such methodologies will be very handy at the time of making deci-
sions for personalized treatment plans.  Chapter   8      discusses the promising fi eld of 
‘cancer nanomedicine’. The nanoparticle-based systems, discussed in this chapter, 
can be an invaluable tool in the delivery of novel therapeutic agents in an attempt to 
enhance their effectiveness. According to the American Cancer Society, lung cancers 
are three distinct types: non-small cell lung cancers; small cell lung cancers; and lung 
carcinoid tumors. While non-small cell lung cancers represent a major subtype with 
up to 85% of all lung cancers, small cell lung cancers are known to be particularly 
aggressive.  Chapter   9      describes the recent updates towards personalized therapy of 
small cell lung cancers. 

 The foregoing chapters address the various characteristics of lung cancers and 
the putative targets of therapy, knowledge of which is essential to the development 
of personalized clinical management. The manner in which the personalized 
approach is actually applied in clinical management of lung cancers is discussed in 
the last two chapters of this section. Radiation therapy is a major treatment option 
for lung cancers, and  Chapter   10      discusses the concept of personalized radiation 
therapy that promises to improve treatment outcomes with substantially reduced 
toxicity. Finally,  Chapter   11      details the approaches to making a decision for person-
alized treatment of lung cancer patients, based on the individual clinical character-
istics, biomarkers and other parameters that an individual lung cancer patient 
presents. 

 Between the two parts, this volume comprehensively covers many aspects of 
modern day lung cancer research, with special focus on personalized therapy. We 
are so excited to have a panel of experts and leading lung cancer scientists contrib-
ute to this volume, and it is our distinct pleasure to present this volume to the scien-
tifi c community.  

    Detroit, USA Aamir     Ahmad ,  PhD   
    Shirish     M  .   Gadgeel ,  MD    
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      Lung Cancer Genomics in the Era 
of Accelerated Targeted Drug Development                     

       Priyanga     Wijesinghe       and     Aliccia     Bollig-Fischer     

    Abstract     Lung cancer is the leading cause of cancer-related deaths in the United 
States and the 5-year overall survival outlook for a patient has not improved in sev-
eral decades. Recently, however, molecular and genomic profi ling of the lung 
tumors has revealed recurring somatic mutations. As a result the therapeutic land-
scape of lung cancer is undergoing a paradigm shift from a purely histology-based 
understanding of the disease to subtype distinctions based on tumor genetics, which 
has launched cancer-specifi c, mechanism-based targeted therapies with clear bene-
fi t to patients. While targeted therapy advancements are being made at an ever 
increasing rate, a new challenge in the form of drug resistance has also emerged. 
This review summarizes the current literature for these issues.  

  Keywords     Lung cancer   •   Targeted therapy   •   Genomics   •   Tyrosine-kinase inhibitors   
•   Molecular biomarkers   •   Fusion genes   •   Drug resistance   •   EGFR   •   ALK  

1       Oncogenes, Tumor Suppressors and Targeted 
Therapeutics 

  Carcinogenesis   and the course of the disease for each patient are infl uenced by 
many factors including ancestral genetics or germ-line polymorphisms and behav-
ioral or life-style issues. But ultimately cancer is a disease dictated by  somatic 
mutations  . Decades of research has contributed to the understanding that cancer 
initiation and progression are governed by the activation of cancer driver genes, 
termed oncogenes, and inactivation of key tumor suppressor genes. The importance 
of  oncogenes   is underscored by the progress made in developing molecularly tar-
geted drugs to block the function of oncogenes, often proteins with kinase function 
such as the epidermal growth factor receptors  EGFR  and  HER2  [ 1 ]. 
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 There is a fundamental distinction for activating mutations arising in onco-
genes compared to other mutations that are termed passenger mutations. If the 
mutations confer a selective growth advantage to the cancer cells they are consid-
ered to be driver oncogene mutations. Molecularly  targeted therapy   exploits tumor 
dependence on activation of driver oncogenes. Although tumor suppressors are 
not as directly amenable to targeted therapy, other therapeutic avenues are being 
explored. There are occasions where tumor suppressor gene inactivation by muta-
tion results in the activation of kinases downstream the signaling  pathway   [ 2 ]. For 
example, the inactivation of the  tumor suppressor gene    PTEN  activates the  AKT  
kinase thus giving the hope in targeted therapy [ 3 ,  4 ]. Also, an active line of 
research explores mechanisms and drugs with potential to re-activate tumor sup-
pressor pathways [ 5 ,  6 ]. 

 Recently, the therapeutic landscape of  Non-Small Cell Lung Cancer (NSCLC)      
underwent a paradigm shift from a purely histology based approach to a treatment 
of molecular subtypes driven by distinct genetic alterations. The evolution of this 
new direction started with the discovery that gain-of-function somatic mutations in 
epidermal growth factor receptor ( EGFR ) recurring in  NSCLC   are sensitive to 
EGFR tyrosine kinase  inhibitors   like gefi tinib [ 7 – 9 ]. This led to the fi nding of a 
number of other genes with driver mutations in lung cancer such as  HER2, KRAS, 
BRAF, NRAS, PIK3CA, AKT  [ 10 ]. In 2007, Soda et al. discovered an  EML4-ALK  
fusion gene, a product of a chromosomal rearrangement and a transforming agent of 
NSCLC [ 11 ]. After this pioneering work, the list of  tumorigenic fusion genes   in 
lung cancer is ever increasing. Therefore, this cause and effect based genomic 
research now links specifi c oncogenes and recurring mutations to the disease and 
provides rationale for biomarkers and molecularly targeted treatments that are 
improving lung cancer patient outcomes [ 12 ]. 

 With in-depth mechanistic understanding it is appreciated that there are various 
ways to aberrantly or constitutively activate a proto-oncogene, but fundamentally 
and chief among them are genomic aberrations in the form of somatic coding muta-
tions, copy number changes and genomic rearrangements leading to tumorigenic 
gene fusions. It is often straightforward to appreciate how genome aberrations in the 
form of coding mutations or  somatic copy number alterations (SCNAs)      contribute 
to cancer. DNA coding mutations can activate an oncogene directly or disrupt pro-
tein regulatory domains, and disruption of tumor suppressor function occurs when 
mutations translate to missense or truncated protein sequence. In  SCNA  , the opera-
tive effect of DNA imbalance disrupts the gene expression levels and thus the proper 
availability of the protein to function normally. 

 Knowledge of lung cancer molecular biology and mutation drivers has rapidly 
increased in recent years largely due to advancements made in high-throughput 
technologies that allow for  genomic and transcriptomic-scale analyses  . This review 
captures the present state of molecular genomics research of lung cancer. The  diver-
sity   of oncogenic somatic mutations in lung cancer subtypes, the heightened status 
of fusion genes in lung cancer, and how the information is translating to the clinic 
are major topics.  

P. Wijesinghe and A. Bollig-Fischer
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2     Somatic Copy Number Alterations and Coding Mutation 
Frequencies According to Lung Cancer Subtype 

 Lung cancers are a heterogeneous group of tumors that are traditionally categorized 
by histology. By far the majority of lung cancers are categorized as non-small cell 
lung cancer (NSCLC) and about 15 % minority are small cell lung cancer.  NSCLCs   
are further subdivided into adenocarcinomas (~45 %), squamous cell lung cancer 
(~23 %), and large cell lung cancer (~3 %), with other subtypes representing the 
remaining approximate 28 % [ 13 ]. During the last decade there has been a shift in 
classifi cation of lung cancer based on tumor genetics. This attempt not only provided 
the actionable targets for the effective therapy but highlighted the importance of 
reconsidering the tumor reclassifi cation, from histology based to molecular based. 
For example, in a recent genomic study of lung cancer classifi cation, existence of the 
large cell lung cancer subtype was brought into question when these specimens 
were discovered to fi t with adenocarcinomas or squamous cell lung cancer [ 12 ]. 
Moreover, the genomics approach used in this study recognized  adenocarcinoma and 
squamous cell lung cancer   cases that were not classifi able by histology. 

2.1     Lung Adenocarcinoma 

 Of the three major subtypes of lung cancers, patients with adenocarcinoma benefi t 
the most from molecular genomic based cancer therapeutics today. While 25–30 % 
of patients  receive   targeted therapies like  gefi tinib and erlotinib  , another 25–30 % 
can enroll in clinical trials targeting other known oncogenic drivers [ 14 ]. The major 
oncogenic drivers in lung adenocarcinoma include activating mutations in  EGFR, 
KRAS, BRAF, HER2, MET  or translocations of  ALK, ROS1  and  RET  [ 15 ,  16 ]; and all 
of these targets have drugs that are approved or in clinical trials. Tumor suppressor 
loss-of-function mutations occurring in lung adenocarcinoma include  TP53, 
CDKN2A, PTEN, STK11, RB1, NF1, KEAP1  and  SMARCA4  [ 16 – 18 ]. Targeting 
these  tumor suppressor alterations   is therapeutically challenging at the moment [ 16 ], 
but their presence may be highly informative such as in the case of  TP53  mutation 
association with lack of response to EGFR inhibitors and recurrence [ 12 ,  19 ]. The 
key genes that are targets for treatment or that hold therapeutic potential for adeno-
carcinoma are discussed in greater detail below; focusing on  EGFR  as the model 
gene for lung  cancer   targeted therapy. 

2.1.1      EGFR  

 The epidermal growth factor  receptor   is a transmembrane tyrosine kinase that has 
an extracellular ligand-binding domain and an intracellular tyrosine kinase domain 
(Fig.  1a ).  EGFR      belongs to the ErbB/HER family of growth factors and these 
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proteins play a pivotal role in cell proliferation, adhesion, migration and invasion 
[ 20 ]. When the reversible  tyrosine   kinase inhibitors erlotinib and gefi tinib were fi rst 
used in early clinical trials in an unselected patient cohort, it showed only a modest 
effi cacy (a response rate of about 10 %) over placebo [ 21 ]. Then in 2004 an underly-
ing connection between  EGFR  activating mutations and improved lung cancer 
response to tyrosine kinase inhibitors laid the groundwork for molecularly informed 
targeted therapy [ 7 – 9 ]. In lung cancer, the key  EGFR  mutations occur in exons 18 
through 21 and alter the ATP binding pocket of the kinase domain. Most mutations 
detected are exon 19 deletions of which there are over 20 variants (most common 
delE746-A750). The next most common are missense mutations in exon 21—the most 

L���

EGFa

b

c

EGFR

ATP

L���R

T���M

Erlotinib/
Gefitinib

Afatinib

  Fig. 1    Oncogenic EGFR, targeted therapy and drug resistance. ( a ) The  EGFR  proto-oncogene 
encodes a tansmembrane protein (EGFR)       containing an extracellular ligand-binding domain and an 
intracellular component with a catalytic tyrosine kinase domain. Under normal physiology, binding 
of a ligand (e.g. EGF) causes homodimerization of EGFR or heterodimerization with other ERBB 
family members to activate kinase function and induce phosphorylation. ( b ) With the transversion 
(T > G) point mutation at nucleotide position 2573,  EGFR  becomes oncogenic and this genetic 
change substitutes an arginine (R) for leucine (L) at codon 858 in exon 21. This L858R amino acid 
change leads to ligand-independent, constitutive activation of EGFR signaling. While this alteration 
disrupts the autoinhibitory interactions it also sensitizes the protein to inhibition by tyrosine kinase 
inhibitors like erlotinib and gefi tinib. ( c ) More than half of the patients acquire resistance to revers-
ible tyrosine kinase inhibitors erlotinib or gefi tinib through a second mutation at T790M. This threo-
nine to methionine amino acid change markedly decreased drug binding affi nity. Afatinib is an 
irreversible ERBB family blocker shown to inhibit the effects of T790M mutation       
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frequent point mutation is the L858R (Fig.  1b ). Biochemical studies later showed 
how these  EGFR  mutants preferentially bind the tyrosine kinase inhibitors like erlo-
tinib or gefi tinib over ATP [ 22 ,  23 ]. Therefore, these mutations are the cause of 
ligand-independent activation of the EGFR signaling and confer sensitivity to tyro-
sine kinase inhibitors. A range of less frequent in-frame insertions and duplication 
mutations in exon 20 have also been reported [ 24 ,  25 ]. As research continues, less 
frequent novel  EGFR  mutations with biologically plausible activating function 
are likely to be discovered. For example, a recent high-throughput whole genome 
and exome sequencing study using 183 lung adenocarcinoma and matched normal 
pairs detected two novel exon 25 and 26 deletions truncating C-terminus of the 
 EGFR  [ 16 ].

   Having understood the association between gain-of-function mutations of  EGFR  
and sensitivity to EGFR  tyrosine   kinase inhibitors, studies demonstrated the superi-
ority of EGFR tyrosine kinase inhibitors over chemotherapy in terms of progression- 
free survival, response and quality of life [ 26 ,  27 ]. Currently, gefi tinib has been 
approved in Europe to treat NSCLC harboring  EGFR  mutations. Erlotinib was 
approved by the United States  Food and Drug Administration (FDA)   for the fi rst 
line treatment of NSCLC with detected sensitizing mutations. 

 Although patients with  EGFR  mutations respond to tyrosine kinase inhibitor 
drugs initially, all eventually develop resistance due to the secondary mutations or 
other mechanisms. The most common secondary point mutation is the  EGFR  
T790M activating mutation in exon 20 (Fig.  1c ). This amino acid substitution intro-
duces a bulky methionine at the wild-type threonine [ 28 ]. Presumably this gate-
keeper mutation alters the ATP binding pocket of EGFR to reduce inhibitor binding 
capacity and increase affi nity for ATP [ 23 ]. The second-generation irreversible 
EGFR tyrosine kinase inhibitor, afatinib was recently given FDA approval as a fi rst- 
line therapy. When gefi tinib, erlotinib or afatinib are administered as the fi rst-line 
therapy for the patients with sensitization  EGFR  mutations, 60–80 % of the patients 
responded with median progression-free survival of 9–12 months and median sur-
vival in excess of 2 years [ 27 ]. 

 Finally, it is of note that  EGFR  alterations are primarily in adenocarcinoma sub-
type and present in approximately 10 % of patients of European or African descent 
[ 29 – 31 ] though there is some dispute in the literature [ 32 – 34 ], while 40 % Asian 
patients harbor an  EGFR  mutation [ 35 – 37 ]. The majority of them  are      never smoker, 
younger, female patients [ 24 ,  36 – 38 ].  EGFR  mutations are very rare in histologically 
pure squamous cell lung cancer [ 39 ,  40 ].  

2.1.2      KRAS  

   KRAS    belongs to the  RAS  family of proto-oncogenes and it plays a central role in 
downstream signal transduction induced by an array of growth factor receptors includ-
ing EGFR [ 41 ]. The  KRAS  encoded G-protein acts as an on or off switch depending 
on whether the binding partner is GTP (guanosine triphosphate) or GDP (guanosine 
diphosphate). Mutated  KRAS  codes for a protein lacking GTPase activity; thus, 
binding of GTP locks in constitutive activation of downstream RAF/MEK/ERK and 
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PI3K/AKT/mTOR signaling pathways [ 42 ,  43 ]. The most common activating 
mutations for  KRAS  include those in codon 12 and less frequently in codons 13 and 
61.  KRAS  mutation is the most frequent oncogenic alteration in lung adenocarcinoma 
representing between 25 and 40 % of cases [ 38 ,  44 ,  45 ]. In general  KRAS  mutations 
do not co-occur with  EGFR  mutations hence it can be used as a potential negative 
predictive marker for the effi cacy of EGFR  tyrosine   kinase inhibitors [ 24 ,  38 ]. 
Moreover, if  KRAS  is mutated it is logical that such tumors are resistant to EGFR 
tyrosine kinase inhibitors since KRAS acts on molecules downstream in the EGFR 
signaling pathway [ 46 ]. MEK1/MEK2 inhibitor selumetinib (in combination with 
docetaxel) was recently used in a randomized phase II study using 87 patients with 
advanced NSCLC having  KRAS  mutations [ 47 ]. In this study the combination arm, 
selumetinib plus docetaxel compared to placebo plus docetaxel, showed superior 
overall survival, though results did not reach statistical signifi cance. Therefore, a 
phase III trial with a larger group of patients is needed to confi rm the above results 
[ 27 ]. Ongoing clinical trials to inhibit  KRAS  mutations by targeting downstream path-
ways in NSCLC are studying the effects of a variety of  drugs   and targets, including 
the MEK inhibitors trametinib; tivantinib with erlotinib; or the hsp90 inhibitor IPI504 
plus the mTOR inhibitor everolimus [ 27 ].  

2.1.3       BRAF    

 The proto-oncogene  BRAF  encodes a serine/threonine protein kinase. This is the 
downstream effector protein of KRAS that activates the MAPK pathway regulating 
cell proliferation and survival [ 48 ].  BRAF  mutations are very common in melanomas 
(approximately 66 % [ 48 ]) and they represent about 3 % of NSCLC [ 49 ]. Of all  BRAF  
mutations in lung adenocarcinoma the V600E codon mutation accounts for 50 % [ 50 ]. 
V600E is within exon 15 and is an activating point mutation resulting in increased 
kinase activity, while most other  BRAF  codon mutations identifi ed in lung adenocarci-
noma, including G469A in exon 11 and D594G in exon 15, show low or intermediate 
kinase activity [ 48 – 50 ]. A recent case report showed the clinical benefi t of the drug 
vemurafenib in treating a NSCLC patient with a tumor V600E mutation [ 51 ]. The on-
going clinical trials targeting either BRAF or its downstream effectors are studying out-
comes for BRAF inhibitor dabrafenib on NSCLC patients with  BRAF  V600E mutation, 
the MEK inhibitor, trametinib  for   patients with non-V600E mutations and the drug 
dasatinib for the NSCLC patients with uncharacterized  BRAF  mutations [ 27 ].  

2.1.4       HER2    

 Like  EGFR, HER2  is also a member of the ErbB family of epidermal growth factor 
receptor tyrosine kinases. HER2 is activated in 25–30 % of breast cancers due to 
focal amplifi cation of the chromosome region 17q12 comprising the  HER2  gene. 
The contribution of  HER2  amplifi cation in lung adenocarcinoma has been estimated 
to be 35 % based on immunohistochemistry studies [ 52 ]. Although not found in 
breast cancer,  HER2  is also observed to be activated in approximately 2 % of lung 
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adenocarcinomas due to an in-frame insertion [ 53 ]. These activating mutations 
occur in exon 20 as in-frame insertions of 3 to 12 base pairs [ 54 ]. A clinical trial 
investigating outcomes of monoclonal antibody trastuzumab targeting HER2 over-
expression in NSCLC showed no benefi t alone [ 55 ] or in combination with chemo-
therapy [ 56 ]. However, individual clinical case reports support the potential for 
patients with  HER2  amplifi cation in lung cancer [ 57 ]. Moreover, studies of HER2 
binding  tyrosine   kinase inhibitors including afatinib [ 58 ], dacomitinib and neratinib 
[ 59 ] have yielded promising preliminary results against  HER2  mutants in NSCLC.  

2.1.5       MET    

 The proto-oncogene  MET  codes for the transmembrane receptor tyrosine kinase also 
known as hepatocyte growth factor receptor. The binding of hepatocyte growth factor 
(HGF ligand) to the MET receptor activates the downstream RAS/RAF/MEK/
MAPK; PI3K/AKT and c-SRC kinase pathways [ 60 ]. Mutations in  MET  are rare and 
it is most often gene copy number increase that leads to overexpression of the MET 
protein [ 61 ,  62 ]. A key observation for this mutation is that the amplifi cation of  MET  
gene is associated with developing secondary resistance to EGFR  tyrosine   kinase 
inhibitors. Evidence suggests that 5 % of the patients with  EGFR  mutations who 
initially responded to gefi tinib or erlotinib acquire resistance due to  MET  amplifi ca-
tion [ 63 – 65 ]. Here, the increased MET kinase activity drives the PI3K/AKT pathway 
bypassing the EGFR-directed tyrosine kinase inhibition [ 65 ]. The fi ndings indicate 
the importance of blocking both EGFR and MET as a means of treating patients with 
acquired resistance. A recent randomized double blind phase II study investigating 
the effect of the MET receptor-targeted monoclonal antibody onartuzumab plus erlo-
tinib compared to placebo plus erlotinib showed signifi cant improvements in clinical 
outcomes with respect to progression-free survival and overall survival [ 66 ]. 
Moreover, this study illustrated the importance of parallel diagnostic testing after 
seeing worse outcomes with  MET  amplifi cation negative patients. Therefore, the 
MET immunohistochemisty assay developed in the phase II study was incorporated 
as a diagnostic test for use of onartuzumab in the randomized phase III trial investi-
gating the effect of onartuzumab and erlotinib [ 67 ]. A number of MET inhibitors and 
neutralizing antibodies are drugs presently in development. Some of the examples 
are MET inhibitor cabozantinib [ 68 ], MET tyrosine kinase inhibitor crizotinib [ 69 ], 
and hepatocyte growth factor neutralizing antibody rilotumumab [ 70 ,  71 ]. It has been 
noted that  MET  amplifi cations and   KRAS    mutations are mutually exclusive, meaning 
they are not co-expressed in lung cancer specimens [ 72 ].   

2.2     Squamous Cell Lung Cancer 

 Of the major subtypes of lung cancers, squamous cell lung cancer shows the strongest 
association with  cigarette smoking   [ 73 ]. Furthermore unlike lung adenocarcinoma, 
presently there are  no   targeted therapies used in treatment of squamous cell lung 
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cancer patients. Past trials to treat squamous cell lung cancer with  chemotherapy and 
EGFR tyrosine kinase inhibitors   showed the ineffectiveness of such treatments 
[ 74 ,  75 ]. This puts increased emphasis on the need for  genomic analyses   to fi nd 
potential oncogenes that may present druggable targets for this cancer subtype. 
The earliest genomic aberrations found in squamous cell lung cancer included allelic 
loses at chromosome 3p (3p21, 3p22–24, 3p25), 8p21–23, 9p21 [ 76 ]; followed by 
loses at 17p13 comprising the  TP53  tumor suppressor gene and 13q14 containing 
tumor suppressor  RB1  [ 77 ]. Using  whole-exome sequencing   to identify new somatic 
mutations in this lung cancer subtype,    Zheng et al. reported  TP53 ,  EP300 ,  LPHN2 , 
C10orf137,  MYH2 ,  TGM2  and  MS4A3  as mutated genes with oncogenic potential 
[ 78 ]. Comprehensive analyses by  The Cancer Genome Atlas (TCGA)      shed more 
light on squamous cell lung cancer in 2012. The project used 178 histopathologically 
reviewed samples to detect on average 323 SCNAs, 360 exonic mutations and 165 
genomic rearrangements per tumor [ 3 ]. The study identifi ed statistically signifi cant, 
recurring mutations in 11 genes, including  TP53  mutations in nearly all the speci-
mens. The mutation frequencies of the genes in TCGA data were compatible with 
the study carried out by Paik et al. that examined specimens from 52 patients [ 79 ]. In 
this study 60 % of the patients harbored functionally relevant mutations in druggable 
oncogene targets including  FGFR1 ,  DDR2 ,  PIK3CA  in addition to tumor suppressor 
 PTEN . Research has continued and the evolving knowledge on the specifi cs of onco-
genic drivers of squamous cell lung cancer is further discussed below. Moreover, 
results from clinical studies are necessary to appreciate if these fi ndings will translate 
to improve the overall survival of squamous cell lung cancer patients. 

2.2.1     Somatic Copy Number Alterations  in   Squamous Cell Lung Cancer 

   FGFR1    (Fibroblast growth factor receptor  1     ) is a transmembrane tyrosine kinase 
and is one of the promising drug targets in squamous cell lung cancer. The amplifi -
cation of the chromosome region 8p12 was detected in 2010 and focal amplifi cation 
of  FGFR1  was validated in 15 of 155 squamous cell tumors [ 80 ]. The amplifi cation 
was confi rmed in an independent cohort of squamous cell lung cancer samples with 
22 % cases being positive by fl uorescence in situ hybridization (FISH) analysis 
[ 80 ]. According to TCGA analysis amplifi cation of  FGFR1  is observed in 7 % of 
squamous cell lung cancer [ 3 ]. Clinical trials employing small molecule inhibitors 
that block FGFR1 are on-going, these include molecules specifi c to FGFR1 kinase, 
multi-kinase inhibitors and pan- FGFR inhibitors [ 80 – 82 ].  FGFR1  amplifi cation 
and  MET  amplifi cation frequency (reported at about 6 % in lung squamous cell lung 
cancer) are both  considered   to be more prevalent in lung squamous cell lung cancer 
than in adenocarcinoma [ 83 ]. 

   SOX2    is a transcription factor that regulates pluripotency of embryonic stem cells 
as well as morphogenesis of trachea-bronchial epithelia [ 73 ]. This lineage-survival 
oncogene was discovered using comparative genomic hybridization with probes 
targeting the 3q26 region [ 84 ]. About 60–80 % of squamous cell lung cancers show 
amplifi cations in this region of chromosome 3 and approximately 20 % harbor a 
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focal amplifi cation that includes the  SOX2  gene [ 85 ,  86 ]. According to the TCGA 
study,  SOX2  was amplifi ed in 21 % of the samples analyzed [ 3 ]. Although it was 
demonstrated that the inhibition of SOX2 suppresses cancer cell growth, research 
also suggests that  SOX2  amplifi cation is not suffi cient for carcinogenesis in the 
absence of other oncogenic mutations [ 84 ]. 

 At a lower frequency than those  estimated   above,  PDGFRA  (platelet-derived 
growth factor receptor)       tyrosine kinase, located in chromosomal region 4q12, is 
shown to be amplifi ed in 4–8 % of squamous cell lung cancers [ 3 ,  87 ]. There are a 
number of multi-targeted  tyrosine   kinase inhibitors against  PDGFRA  that are in 
clinical development at this time; including sunitinib, pazopanib, cediranib and 
nintedanib [ 88 ].  HER2  amplifi cations are also observed in about 4 % of squamous 
cell lung cancers [ 89 ]; evaluation of  HER2- directed therapy needs  to   be done.  

2.2.2     Somatic Coding Mutations   in Squamous Cell Lung Cancer 

 Well-documented oncogene mutations recurring at signifi cant frequency in squamous 
cell lung cancer include the  AKT1  codon E17K somatic mutation, which causes 
constitutive activation of the kinase [ 90 ]. Malanga et al. found  this   mutation in a 
subset of squamous cell lung cancer (2/36 lung squamous cell lung cancer and 0/53 
lung adenocarcinoma) [ 91 ]. AKT kinase inhibitors such as MK2206 and GDC- 
0068 are in clinical trials [ 92 ].  BRAF  mutations are present in about 4 % of squa-
mous cell lung cancers [ 50 ]. A clinical trial is underway to test BRAF-specifi c 
kinase inhibitor GSK2118436 on patients with squamous cell lung cancer with 
BRAF mutations [ 82 ]; and other existing data point to MEK inhibition as poten-
tially effective target for non-V600E  BRAF  mutations in this lung cancer subcate-
gory [ 93 ].  DDR2  (Discoidin domain receptor 2) tyrosine kinase is described as an 
oncogene that promotes cell proliferation and cell survival [ 94 ], and mutations in 
the  DDR2  gene render cells sensitive to the small molecule kinase inhibitor dasat-
inib [ 95 ]. A clinical trial is underway to fi nd out the effi cacy of dasatinib on the 
squamous cell lung cancer with activating  DDR2  mutations, which are observed at 
a rate of close to 4 %. 

  PIK3CA  is one of the most common sequence mutated oncogenes in cancer and 
it is reported to present more frequently in squamous cell lung cancer than in lung 
adenocarcinoma [ 96 ]. In accordance with previous studies missense mutations at 
codon positions 545 and 1047 were found in 48 % of the samples in the TCGA 
study [ 3 ,  97 ].  PIK3CA  encodes the catalytic subunit of the PI3K lipid kinases and a 
number of clinical trials are presently underway to examine the impact  of   targeted 
therapies and combination PI3K inhibitors and chemotherapy in lung cancer [ 98 ]. 
The PI3K inhibitors in clinical development include XL-147, XL-765, BEZ235, 
BKM120, GDC-0941, early evidence indicates the response rate to these single 
agents are low [ 10 ,  98 ,  99 ]. 

 Other genes reported to show recurring mutations in squamous cell lung cancer 
include the  MLL2  gene encoding a histone methyltranferase that plays a key role in 
epigenetic programming and embryonic development. The therapeutic strategies to 
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target epigenetic pathways; for example histone methyltransferase inhibitors are 
also emerging and mutation activated  MLL2  holds promise as a novel target [ 100 , 
 101 ].  PTEN  is a tumor suppressor gene often sequence mutated and inactivated in 
many types of cancer. The mutation frequency of  PTEN  reported at 15 % in squa-
mous cell lung cancer is higher than compared to lung adenocarcinoma [ 3 ,  102 ]. 
Also, how loss of function mutations in the  HLA_A  class I Major Histocompatibility 
(MHC I) gene may help cancer cells avoid immune responses  as   has been proposed 
and raises the promise of immunotherapy [ 103 ,  104 ].   

2.3     Small Cell Lung Cancer 

  Small cell lung cancer   is the third most frequent subtype of lung cancer diagnosis 
representing around 200,000 cases worldwide annually. According to overall sur-
vival rates, patients with small cell lung cancer by far face the lowest probability of 
survival [ 105 ]. The 5-year overall survival outlook for these patients is about 5 % 
and this has not improved for the last four decades [ 106 ]. Efforts to study somatic 
mutations in small cell lung cancer, which is rarely treated by surgery, trail behind 
other histologic subtypes due to lack of specimens. However, very recent studies 
present the fi rst results of comprehensive profi ling of small cell lung cancer speci-
mens. Rudin et al. characterized 80 small cell lung cancer specimens including 
cancer-derived cell lines and 36 primary tumors and paired normal tissue [ 107 ] 
A key fi nding was a signifi cant  SOX2  amplifi cation frequency ~27 % and the dem-
onstration of decreased proliferation in a small cell lung cancer cell model using 
shRNA knockdown of  SOX2  [ 107 ]. Peifer et al., by accessing small cell lung tumor 
specimens from a global genome research consortium, were able to sequence 29 
exomes, 2 genomes and 15 transcriptomes [ 108 ]. Their SCNA algorithm identifi ed 
almost universal deletions at chromosome 3p and 13q (affecting  RB1 ), 17p 
(containing  TP53 ) and frequent gains of 3q and 5p as well as for the  FGFR1  gene. 

 Iwakawa et al. used genome-wide copy number analysis and whole- transcriptome 
sequencing to study the genome-wide amplifi cations and translocations in small cell 
lung cancer [ 109 ]. Their copy number analysis found 34 genes to be frequently 
amplifi ed in small cell lung cancer. Among them three  MYC  family genes  MYCL1  
(1p34.2),  MYCN  (2p24.3) and  MYC  (8q24.21) were frequently amplifi ed in concor-
dance with the previous small scale studies using [ 110 – 112 ]. This is an important 
fi nding in small cell lung cancer as inhibitors against  MYC  family protein products 
are gaining research traction [ 113 – 115 ]. In addition, the study identifi ed the chro-
mosomal region 9p24.1 as demonstrating mutual exclusivity with  MYC  amplifi ca-
tions. Furthermore, mRNA expression of the gene  KIAA1432  (from the 9p24.1 
region) was strongly correlated with the  KIAA1432  amplifi cation suggesting a novel 
cancer gene activated in small cell lung cancer. Compared to prevalence of kinase 
gene mutations in lung adenocarcinoma, targeting molecular markers of the small 
cell lung cancer (e.g.  SOX2 ) may be therapeutically challenging. However, extensive 
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basic and clinical research on the genomic aberrations of small cell lung cancer will 
enable efforts to understand and develop treatment options for this exceptionally 
aggressive disease. Since lack of small cell lung cancer patient specimens is a major 
problem, Sos et al. screened 267 compounds across 44 cell lines of this lung cancer 
subcategory to establish a genomic characterization framework [ 115 ]. By comparing 
SCNAs identifi ed in 60 patient-derived small cell lung cancer cell lines with results 
from 63 primary tumor specimens described above, the authors demonstrated the 
comparable genomic landscape of small cell lung cancer between the two sample 
types. Then they showed the effectiveness of the Aurora kinase  inhibitors   against 
small cell lung cancer cell lines harboring  MYC  amplifi cation.   

3     Genomic Translocations and Expressed  Fusion Genes   

 Compared to point mutations in oncogenes, a genomic translocation that gives rise 
to an oncogenic fusion gene can have more deleterious effects on protein function 
and on downstream cellular pathways (Fig.  2 ). Yet gene fusions are proving to be 
excellent cancer-specifi c drug targets and oncogenic tyrosine kinase gene fusions 
are the best examples. In 2007, Soda et al. discovered the fi rst druggable 
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  Fig. 2     CD74-ROS1  translocation and expressed fusion genes.  CD74  and  ROS1  genomic rear-
rangements (double stranded DNA) results in the mRNA expression of two different fusion vari-
ants.  Left,  depiction of CD74 exon 6 ( red ) fusion with either ROS1 exon 34 ( light blue ) or exon 35 
( dark blue ).  Right , the predicted protein confi guration of the two spliced forms and their plasma 
membrane orientation are depicted. Of the two variants only the major spliced form CD74-ROS1 
exon 34, which shows an additional transmembrane domain ( light blue ) that positions the ROS1 
tyrosine kinase domain intracellularly, is considered to be oncogenic. The original patient with 
lung cancer expressing this mutation initially responded to crizotinib, later the drug resistance was 
developed due to the amino acid substitution G2032R       
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EML4- ALK fusion protein—an oncokinase—in NSCLC [ 11 ]. The marked response 
of patients with  ALK  positive NSCLC to the small-molecule  tyrosine   kinase inhibi-
tor crizotinib [ 116 ,  117 ] catalyzed the fi eld to search for expression of other novel 
oncogenic fusion genes. Application of high-throughput RNA sequencing analysis 
has greatly contributed to the identifi cation of additional fusion genes in lung cancer 
involving kinases:  ROS1 [ 118 ],  RET  [ 119 ],  FGFR1 /2/3 [ 120 ,  121 ],  NTRK1 [ 122 ], 
 ERBB4  and  BRAF  [ 123 ], and AXL and PDGFRA [ 124 ]. Also, fusion genes involv-
ing the EGFR ligand NRG1 ( CD74-NRG1 ,  SLC3A2-NRG1 ) have been reported 
[ 123 ]. The particular importance of  ALK ,  ROS1  and  RET  fusion genes in lung 
cancer is expanded on below.

3.1         ALK    

 The inversion on chromosome 2p leads to the formation of the most commonly 
expressed ALK fusion, EML4-ALK. As the genomic inversion does not occur at the 
same location all the time, it results in expression of a number of EML4-ALK vari-
ants [ 11 ]. In all the variants, the intracellular tyrosine kinase domain of  ALK  starting 
at exon 20 is present while the  EML4  truncates at different points. The two most 
common variants E13:A20 (33 %) and E6a/b:A20 (29 %), which are also referred 
to as variant 1 and 3a/b respectively, represent approximately 60 % of detected 
EML4-ALK variants [ 125 ]. The NSCLC cell lines H3122 and DFC1031 contain the 
E13:A20 variant while H2228 harbors the E6a/b:A20 [ 126 ]. In NSCLC other  ALK  
fusion partners have also been discovered, including  TFG  [ 118 ],  KIF5B  [ 127 ], 
 HIP1  [ 128 ],  KLC1  [ 129 ],  TPR  [ 130 ]. Each of these fusion partners mediates the 
ligand independent dimerization of  ALK  to constitutively activate ALK kinase func-
tion. The prevalence of the  ALK  rearrangements occurs in 3 to 7 % of unselected 
patients with NSCLC [ 11 ,  126 ]. This amounts to an estimated 65,000 new patients 
each year with  ALK  rearrangements [ 131 ] a number that is in the range of annual 
total number of Chronic Myeloid Leukemia cases [ 132 ,  133 ]. Like  EGFR  muta-
tions,  ALK  rearrangements tend to occur in younger age patients with adenocarci-
noma histology and never or light smoking history [ 117 ,  134 ]. Also,  ALK  
rearrangements are the second genetic biomarker related to FDA- approved   targeted 
therapy for NSCLC. Small molecule  tyrosine   kinase inhibitor crizotinib (originally 
developed for MET) was approved in 2011 along with the break apart FISH as the 
diagnostic test to detect the ALK positive advanced NSCLC patients [ 27 ,  125 ,  135 ]. 
In a recent phase 1 trial enrolling patients with  ALK  rearrangement positive lung 
cancer, the higher potency tyrosine kinase inhibitor ceritinib inhibited the resistance 
developed by the crizotinib treatment exemplifying the power of mechanism based 
rational drug design [ 136 ]. Mechanistically, the benefi t of ceritinib over crizotinib is 
that it is uniquely effective at inhibiting secondary  ALK  mutation L1196M. For the 
fi rst time in the history of targeted therapy, ceritinib received FDA approval just 
after the phase I clinical trial [ 137 ].  
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3.2       ROS1    

 The analysis of 41 cell lines and 150 NSCLC tumors led Rikova et al. to characterize 
the fi rst  ROS1  rearrangement in NSCLC [ 118 ]. In one of the cell lines (HCC78) the 
authors identifi ed the  ROS1-SLC34A2  fusion and one of the tumor samples har-
bored the  CD74-ROS1  fusion. Follow-up studies discovered a number of  ROS1  
fusion gene partners:  TPM3  [ 138 ],  SDC4  [ 138 ,  139 ],  EZR  [ 140 ],  LRIG3  [ 138 ],  FIG  
[ 141 ],  KDELR2  [ 142 ],  CCDC6  [ 124 ].  ROS1  is located on human chromosome 6 
and with the exception of  FIG  and  EZR  all other fusion partners are coming from 
different chromosomes [ 143 ]. In all the different fusion proteins, the ROS1 tyrosine 
kinase domain remains intact [ 138 ]. For  ROS1  fusion genes the mechanism remains 
unknown [ 119 ], but the likely oncogenic consequence is constitutive activation of 
ROS1 tyrosine kinase function. Furthermore, the expression of ROS1 fusion genes 
both in vitro and in vivo leads to oncogenic transformation [ 138 ].  Emerging   data 
indicates that,  ROS1  fusion genes may preferentially activate downstream PI3K/
AKT/mTOR and MAPK/ERK pathways [ 144 ].  

3.3      RET  

 In 2011, researchers discovered the fi rst  RET   gene fusion partnered with the gene 
KIF5B in NSCLC [ 145 ]. In 2012, three studies each added more variants to the list 
of expressed KIF5B-RET fusion genes [ 138 ,  146 ,  147 ]. Although  KIF5B  is the 
most common fusion partner of  RET , other partners have also been reported such as 
 CCDC6 ,  TRIM33  and  NCOA4  [ 148 ,  149 ]. The RET tyrosine kinase domain is con-
served in all the fusions. In contrast to  ROS1 ,  RET  fusion partners like  ALK  fusion 
partners contain a coiled-coil domain. Positioned at the 5′ end of the fusion gene 
this domain promotes ligand independent dimerization and hence constitutive acti-
vation of RET kinase function. 

 Although the prevalence of  ROS1  and  RET  fusion genes are about 1–2 % in an 
unselected population of NSCLC [ 138 ,  150 ], there is great interest for these two 
fusions as novel targets due to three main reasons. First,  ROS1  and  RET  fusions 
tend to occur without the presence of other driver mutations and this knowledge of 
mutual exclusivity can be used to strategize screening and detection [ 147 ]. Second, 
NSCLC patients harboring  ROS1  or  RET  fusions show unique clinicopathologic 
features [ 138 ,  150 ] (e.g. relatively younger age, never smoker with adenocarci-
noma histology) facilitating clinical enrollments [ 119 ]. Third, there are already 
inhibitor drugs targeting  ROS1  and  RET  in clinical trials [ 148 ;  150 ]. It took only 4 
years from the fi rst identifi cation of an ALK fusion gene in NSCLC for the FDA to 
conditionally approve an ALK-targeted  tyrosine   kinase inhibitor [ 135 ]; and in less 
than 6 months of publication on RET fusion genes, Drilon et al. initiated a clinical 
trial with cabozantinib [ 148 ]. Again underscoring how the transition from genomic 
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research to molecularly-defi ned therapy in lung cancer can advance at an incredibly 
rapid rate. 

 With high-throughput sequencing of greater numbers of lung cancer transcrip-
tomes across all histological subtypes, additional oncogenic variants of fusion genes 
may be discovered. However, it is important that complementary work be done to 
establish or refute if any one specifi c fusion gene event is tumorigenic and clinically 
actionable. For example, although the  ROS1  gene fusions  KDELR2-ROS1  and 
 CCDC6-ROS1  have been discovered in NSCLC, their tumorigenic potential has not 
been established [ 151 ]. In another example, a genomic translocation suggested  to 
  give rise to expression of a CCDC6-RET fusion gene has been detected in two forms: 
 CCDC6  exon 1 fused to  RET  exon 12 (C1; R12) and  CCDC6  intron 1 fused to  RET  
exon 11 (C1; R11). However, only CCDC6-RET (C1; R12) is expressed and contrib-
utes to malignancy while  CCDC6-RET  (C1; R11) represents a benign breakpoint in 
the genome, therefore it is of no obvious clinical importance [ 152 ].   

4     Challenges and Conclusions 

 The hallmarks of a cancer cell, distinct from normal cell biology, include the capac-
ity for unlimited and unmitigated proliferation; resistance to anti-proliferative and 
apoptotic cues; and the ability to survive and proliferate in stressful conditions 
[ 103 ]. Underlying these  malignant phenotypes   is aberrant molecular biology in the 
form of deregulated signaling pathways or functional networks of genes that are 
ultimately governed by a mutated genome [ 153 ]. Much progress has been made to 
develop  anti-cancer drugs   that target the protein products of well-studied, recur-
rently mutated oncogenes. And to date the greatest clinical successes for molecu-
larly targeted treatments in lung cancer have come from efforts to target EGFR and 
ALK kinases. Certainly more are on the horizon that will increasingly defi ne and 
include all lung cancer subtypes, as stories of rapid discovery and drug development 
are unfolding in the literature. 

 Despite targeted treatment advances and marked improvements in patient outcomes 
over traditional chemotherapies,    targeted therapies often fail for patients due to de novo 
or acquired drug resistance. A few examples of de novo resistance mechanisms in lung 
cancer stem from the observation that nearly 30 % of patients with tumors positive for 
 EGFR  mutations show no initial response [ 154 – 158 ].  EGFR  mutations carrying exon 
20 insertions are not sensitive to EGFR- tyrosine   kinase inhibitor drugs. Unlike other 
 EGFR -activating mutations, the exon 20 insertion D770_N771insNPG promotes EGFR 
function without increasing affi nity for  EGFR   tyrosine kinase inhibitors [ 159 ,  160 ]. In 
another example, the  EGFR  T790M mutation, which confers EGFR-targeted drug resis-
tance when it arises in a tumor, also exists as a heterozygous germ-line variant in 0.5 % 
of lung adenocarcinoma patients [ 161 ,  162 ]. 

 The most frequent mechanism of acquired resistance is the gain of second-site 
 EGFR  mutations, which is estimated to occur in more than 50 % of the patients; 
among them the T790M mutation contributes more than 90 % [ 163 ]. In  EML4-ALK  
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fusion-gene positive patients, the gatekeeper mutation L1196M, analogous to  EGFR  
T790M, requires the contribution from additional mutations within the  ALK  
sequence and the net effect allows it to block crizotinib from its binding site [ 164 , 
 165 ]. More recently, a second-site mutation was discovered within the  ROS1  fusion 
gene  CD74-ROS1 ; it was causally linked to acquired resistance to crizotinib [ 166 ] 
(Fig.  2 ). The single G2032R amino acid change provides suffi cient steric bulk to 
block inhibitor drug binding. 

 To better appreciate how acquired resistance arises, bear in mind  that   targeted ther-
apies can promote minority populations of tumor cells harboring another driver onco-
gene, or cause reversible growth inhibition or  autophagy   allowing subpopulations of 
cancer cells the opportunity to evolve mechanisms for drug resistance leading to 
recurrence.    Moreover, current targeted therapies inhibit the oncogene directly, and by 
default the proto-oncogene, thereby causing dose-limiting side effects. To overcome 
 drug resistance  , an array of new drugs including second and third generation EGFR 
and other  tyrosine   kinase inhibitors are being utilized and developed, as single and 
combination agents. The recent success of  ceritinib   in overcoming crizotinib drug 
resistance in  ALK  rearranged NSCLC is a milestone example [ 136 ]. 

 A major challenge for research efforts to catalog the driver mutations in lung 
cancer is the high mutation frequency in lung cancer compared to other cancers. For 
example squamous cell lung carcinoma shows a median mutation frequency of 8.15 
per megabase (Mb) while that of AML is only 0.28 mutations /Mb [ 167 ]. This poses 
the diffi culty of detecting oncogenic drivers among the vast majority of passive 
mutations. Even the most comprehensive sequencing endeavors like the study of 
183 lung adenocarcinomas raises gaps in our understanding [ 16 ]. In this study 15 % 
of the patients did not show a single mutation in known oncogenes or genes with 
known cancer function [ 103 ]. A recent saturation analysis across 21 tumor types 
estimated the requirement of 600–5000 samples per lung tumor type to achieve 
near-saturation [ 168 ]. The number of lung cancer samples necessary to detect a 
mutation at 3 % frequency extrapolates to about 2000 samples. 

 To conclude, the end-goal of research is transfer of the accumulated knowledge and 
evolution of knowledge of  tumor biology   to the clinic; here genomic technologies and 
cancer type-specifi c, single-pass comprehensive mutation panels are poised to trans-
form clinical testing. The many complexities accompanying this paradigm shift should 
not be underestimated and diffi culties remain for even the most forward thinking insti-
tutes, but they are foreseeably overcome by expert collaborative teams made up of 
health care professionals; basic and translational scientists; and regulatory agencies.     
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    Abstract     The two clinically validated and Food and Drug Administration approved 
lung cancer predictive biomarkers (epidermal growth factor receptor mutations and 
anaplastic lymphoma kinase ( ALK ) translocations) occur in only about 20 % of lung 
adenocarcinomas and acquired resistance develops to fi rst generation drugs. Several 
other oncogenic drivers for lung adenocarcinoma have emerged as potentially drug-
gable targets with new predictive biomarkers. Oncologists are requesting testing for 
 ROS 1 translocations which predict susceptibility to crizotinib, already approved for 
 ALK  positive lung cancers. Other potential biomarkers which are currently undergo-
ing clinical trials are RET, MET, HER2 and BRAF. Detection of these biomarkers 
includes fl uorescent in situ hybridization and/or reverse transcriptase polymerase 
chain reaction (ROS1, RET, HER2), mutation analysis ( BRAF ) and immunohisto-
chemistry (MET). Screening by immunohistochemistry may be useful for some 
biomarkers (ROS1, BRAF). Targeted next generation sequencing techniques may 
be useful as well. These fi ve biomarkers are under consideration for inclusion in 
revised lung cancer biomarker guidelines by the College of American Pathologists, 
International Association for the Study of Lung Cancer and Association for 
Molecular Pathology.  
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1       Introduction 

 Two predictive biomarkers for personalized therapy of non-small cell lung cancers 
( NSCLC)   have been well validated in clinical trials and approved by the  Federal 
Drug Administration (FDA)     : epidermal growth factor receptor (EGFR) mutations 
and anaplastic lymphoma kinase (ALK) translocations [ 1 ]. These two biomarkers 
have been the subject of the fi rst lung cancer biomarkers guidelines from the College 
of American Pathologists (CAP), International Association for the Study of Lung 
Cancer (IASLC) and Association for Molecular Pathology (AMP) [ 2 ] as well as the 
CAP Lung Cancer Biomarker Reporting Template [ 3 ]. 

 The frequency of  EGFR   mutations found in non-small cell lung cancers (NSCLC), 
more specifi cally in adenocarcinomas, ranges from about 15 % of whites and 
Hispanics to about 19 % of African Americans to about 30 % of Asian patients [ 4 – 7 ]. 
ALK translocations creating fusion genes occur in about 4–5 % of adenocarcinomas 
[ 8 – 12 ]. Lung cancers that initially respond to fi rst generation  EGFR   TKIs or to  crizo-
tinib   eventually develop drug resistance and relapse, typically within a year [ 13 – 19 ]. 
Since about 80 % of adenocarcinomas lack  EGFR  mutations or  ALK  translocations 
and since lung cancers with these abnormalities develop acquired resistance to cur-
rent therapies, there has been a robust search for additional oncogenic drivers in lung 
cancers that might be actionable. Investigations have not yet discovered drugs that 
target  KRAS , the most frequent oncogenic driver in lung adenocarcinomas, occurring 
in about 30 % of cases [ 1 ,  2 ]. Oncogenic drivers have not yet been identifi ed in a 
substantial number of lung adenocarcinomas and, of the additional drivers that have 
been identifi ed, investigations of several are suffi ciently advanced that they are being 
considered for revisions to the CAP/IASLC/AMP lung cancer biomarker guidelines 
and CAP lung cancer biomarker reporting template (See Fig.  1 ).

2        ROS1 

 Chromosomal rearrangements of the receptor tyrosine kinase gene c-ros oncogene 
1 ( ROS1 ) are found in approximately 1–2 % of lung cancers with adenocarcinoma 
histology, or about 2000–4000 new cases of  ROS1   positive lung cancer each year in 
the United States [ 20 – 24 ]. ROS1 has considerable amino acid homology with ALK 
[ 25 ]. In 2012, Bergethon et al. [ 20 ] reported sensitivity of a  ROS 1 positive lung 
cancer cell line and  ROS 1 transfected cell lines to the small molecule  multikinase 
inhibitor      crizotinib. They also reported a near complete response of a  ROS 1 positive 
lung cancer to crizotinib in a single patient enrolled in an expansion cohort of an 
early phase study [ 20 ]. In an expansion of the PROFILE 1001 study, Shaw et al. 
[ 26 ] reported one complete response, six partial responses and four stable disease in 
thirteen patients with  ROS 1 positive lung cancers at 8 weeks of treatment with 
crizotinib. These observations indicating  ROS 1 positive lung adenocarcinomas 
might respond to crizotinib, a drug that already had FDA approval for treatment of 
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ALK positive lung cancers, produced requests for ROS1 biomarker testing by medical 
oncologists for lung adenocarcinomas. Typically, this has been as part of an algo-
rithm or after adenocarcinomas were reported negative for EGFR and ALK. As a 
result, ROS1 has moved to the forefront of new biomarkers for lung cancer. 

 Similar to  ALK  rearrangements,  ROS1  rearrangements with any  of   several fusion 
partners result in oncogenic kinase activation and the resultant oncogenic fusion 
kinase is susceptible to  the   multikinase inhibitor crizotinib [ 24 ,  27 – 31 ].  ROS 1 posi-
tive adenocarcinomas share histologic and demographic features with  ALK  positive 
adenocarcinomas.  ROS 1 translocations tend to occur in adenocarcinomas with 
solid, papillary, cribriform or signet ring cell histologic patterns, tend to produce 
mucin and tend to arise in patients who are younger and never smokers. There are 
many exceptions to these general tendencies. As with other oncogenic drivers iden-
tifi ed in lung adenocarcinomas, ROS1 translocation most often excludes the pres-
ence of other oncogenic drivers in the same tumor [ 20 ,  21 ,  28 ,  32 – 36 ]. 

 Like  ALK  rearrangements,  ROS1  rearrangements can be detected by a break- 
apart  fl uorescent in situ hybridization (FISH)      probe that is not dependent on the 
specifi c fusion partner [ 20 ,  22 ,  37 ,  38 ]. Specifi c fusion partners are detected by 
 reverse transcriptase polymerase chain reaction (RT-PCR)     , including  CD74-ROS1, 
SDC4-ROS1, EZR-ROS1, SLC34A22-ROS1  and  FIG-ROS1  [ 20 ,  21 ,  29 ,  31 ,  34 ,  38 – 41 ]. 
 Immunohistochemistry (IHC)      can be used to screen for ROS1 positivity which can 
then be confi rmed by FISH. IHC is performed on formalin-fi xed,  paraffi n- embedded 

  Fig. 1    Diagram showing the actionable and potentially actionable biomarkers in lung adenocarci-
noma.  KRAS  mutation is the most common oncogenic driver, but no drugs specifi cally targeted to 
 KRAS  mutation are yet available.  EGFR  mutation and  ALK  translocation are clinically validated as 
predictive biomarkers for FDA approved TKI therapy. Emerging as biomarkers currently in clini-
cal trials at this time are  ROS 1,  RET ,  MET ,  Her 2 and  BRAF        
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sections using clone D4D6 from Cell Signaling Technology. As a screening tool, 
IHC is reported to be highly sensitive (100 %) for ROS1 positive lung cancers con-
fi rmed by FISH and/or RT-PCR with strong diffuse staining. False positive immu-
nostaining is reported to occur in some  ROS 1 negative lung cancers with considerable 
variability depending on the study [ 35 ,  37 ,  38 ,  42 ]. 

 As with  ALK  positive adenocarcinomas, acquired resistance to crizotinib has 
been observed in  ROS 1 positive  adenocarcinomas  . Acquired resistance of a ROS1 
positive lung cancer to crizotinib has been reported with a proposed mechanism of 
EGFR pathway activation [ 43 ] and, in another case, due to a mutation in  CD74- 
ROS 1 [ 44 ]. Therefore, similar to the situation with other oncogenic drivers of lung 
cancers, new drugs are under investigation for inhibiting  ROS1.   Davare et al. [ 45 ] 
reported preclinical studies which demonstrated that foretinib is a potent ROS1 
inhibitor.  

3     RET 

 The  rearranged during transfection ( RET )      gene encodes for the  RET   receptor tyro-
sine kinase. Chromosomal rearrangements of the  RET  gene result in an oncogenic 
fusion kinase in about 1–2 % of lung cancers with adenocarcinoma histology. The 
majority are  KIF5B-RET  fusion genes with a lesser number of  CCDC6-RET, 
NCOA4  and  TRIM33  fusion genes reported [ 27 ,  34 ,  46 – 55 ]. Preclinical studies have 
reported that RET-positive lung cancer cell lines are sensitive to  the   multikinase 
inhibitors vandetanib, sunitinib, and sorafenib [ 56 ,  57 ]. One patient with  RET  posi-
tive advanced adenocarcinoma has been reported to respond to vandetanib [ 58 ]. 
Preliminary results from a phase II trial of the multikinase inhibitor cabozantinib 
were partial responses in two of three patients and stable disease in the third patient 
[ 54 ]. Therefore, oncologists may order  RET  tests for lung adenocarcinomas for pos-
sible enrollment of a patient in a clinical trial or RET may be detected in a lung 
cancer using next generation sequencing techniques. 

 Translocations of  RET  which result in oncogenic fusion kinases in lung adenocar-
cinomas have a tendency to occur in the same demographic and histologic groups as 
the reported tendencies for oncogenic fusion kinases from ROS1 and ALK transloca-
tions. Patients tend to be younger and never smokers and the adenocarcinomas tend 
to have solid, papillary and lepidic patterns and more often produce mucin. As with 
 ALK  and  ROS 1 positive adenocarcinomas, there are many exceptions to these general 
histologic and demographic tendencies for  RET  positive adenocarcinomas. Also, 
identifi cation of a  RET  translocation usually excludes the presence of other onco-
genic drivers such as  EGFR ,  ALK  and  ROS 1 in the same cancer [ 34 ,  48 ,  52 ,  54 ,  55 ]. 

  RET  translocations may be detected by FISH, by RT-PCR or by next generation 
sequencing [ 34 ,  48 ,  52 ,  54 ,  55 ,  59 ].  Immunohistochemistry   for RET has had vari-
able results and, currently, is not popular for identifi cation of  RET  positive  lung 
     adenocarcinomas [ 52 ,  59 ].  
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4      MET   

 The  MNNG-HOS transforming ( MET )      gene encodes a receptor tyrosine kinase and 
binding of its ligand hepatocyte growth factor (HGF) causes a conformational change 
in the MET receptor that facilitates receptor activation.  MET  can be activated in lung 
cancers by amplifi cation and/or overexpression [ 60 – 67 ]. About 18 % of cases of 
acquired resistance to EGFR TKIs are associated with overexpression and/or ampli-
fi cation of  MET  or HGF, but prevalence of  MET  amplifi cation in NSCLC patients 
who have not received treatment is 1–7 % [ 68 ]. 

 Onartuzumab (MetMAb) is a recombinant, humanized, monovalent monoclonal 
antibody that targets MET [ 69 ]. In a phase II study patients with previously treated 
NSCLC were evaluated for therapy with onartuzumab plus erlotinib versus placebo 
plus erlotinib [ 70 ]. Patient lung cancer samples were classifi ed as positive for MET 
expression or negative for MET expression by IHC using a cut-off of 50 % of malig-
nant cells with moderate and/or strong staining intensity for classifi cation as MET 
positive. The combination of onartuzumab and erlotinib resulted in improved progres-
sion free survival (PFS) and overall survival (OS) compared to placebo plus erlotinib 
in MET positive cases whereas the opposite was true in MET negative cases. Therefore, 
this IHC test provides the biomarker for MET treatment in this setting and is being 
considered as a companion diagnostic for onartuzumab in combination with erlotinib 
for treatment of lung cancer [ 71 ]. The phase II study is being followed by the MetLung 
phase III study [ 72 ]. 

 ARQ 197 or tivantinib is a TKI that inhibits MET. The MARQUEE ( M et 
Inhibitor  ARQ  197 pl u s  E rlotinib vs.  E rlotinib plus placebo in NSCLC) phase III 
trial of tavantinib plus erlotinib in previously treated patients with locally advanced 
or metastatic non-squamous NSCLC was stopped not meet its primary endpoint of 
improved overall survival [ 73 ,  74 ]. Cabozantinib and fi clatuzumab, an anti-HGF 
monoclonal antibody, have undergone investigation in clinical trials for lung cancer 
combined with EGFR TKIs as well [ 75 ]. None of these drugs is currently  approved 
     for lung cancer therapy.  

5     HER 2 

 HER2/ERBB2/NEU is a receptor tyrosine kinase of the epidermal growth factor fam-
ily. Amplifi cation or overexpression of  HER2   is well known as a biomarker that pre-
dicts breast cancer response to targeted therapies.  HER 2 activation in lung cancer is 
associated with mutations, mostly insertions in exon 20, which are independent of 
 HER2  gene amplifi cation. These mutations are not seen in breast cancer.  HER 2 muta-
tions are found in 2 % of lung adenocarcinomas.  HER 2 mutations are more prevalent 
in lung adenocarcinomas from patients who are never smokers and perhaps are more 
common in Asians and women. Adenocarcinomas with  HER 2 mutations generally 
lack other oncogenic drivers such as  EGFR ,  ALK  and  KRAS  [ 76 – 83 ]. 

Emerging Biomarkers in Personalized Therapy of Lung Cancer



30

 Clinical trials in patients with NSCLC that have  HER 2 mutations have shown 
promising early results for therapy with afatinib [ 83 ,  84 ], trastuzumab [ 83 ], dacomi-
tinib [ 85 ,  86 ] and neratinib plus temsirolimus [ 87 ,  88 ]. Therefore, detection of  HER 2 
mutations is a potential biomarker for a small subset of lung adenocarcinomas. 

 HER2 expression in lung cancers by IHC has not yet proven to be a successful 
biomarker for selecting patients for therapy [ 89 ].  HER 2 gene amplifi cation is found 
in approximately 2 % of NSCLCs identifi ed by FISH using the criteria for HER2 
amplifi cation in breast cancer [ 90 ]. Grob et al. [ 91 ] detected  HER 2 amplifi cation by 
FISH in 3 % of NSCLC, overwhelmingly adenocarcinomas, with high-level ampli-
fi cation in 2 %. They also reported that HER2 amplifi cation in lung cancer may be 
heterogeneous, thus impacting the outcomes of trastuzumab or other HER2 thera-
pies based on  HER 2 amplifi cation.  HER 2 amplifi cation also sometimes plays a role 
in acquired resistance to EGFR TKIs in lung cancer patients who initially respond 
to  these   therapies [ 92 ].  

6      BRAF   

 The  BRAF  gene encodes for a nonreceptor serine/threonine kinase that is activated 
downstream of the Ras protein. About 50 % of melanomas have  BRAF  mutations 
which activate the BRAF kinase and increase phosphorylation of downstream 
targets, particularly MEK, and about 80–90 % are V600E mutations. The FDA has 
approved vemurafenib for the treatment of  BRAF   V600E  mutation-positive, inoper-
able or metastatic melanoma [ 93 ,  94 ] and approved the cobas 4800 BRAF V600 
Mutation Test as the companion diagnostic for the biomarker [ 95 ]. IHC using the 
primary mouse monoclonal antibody VE1, specifi c for BRAF p.V600E has been 
studied as a screening tool for the  BRAF V600E  mutation [ 96 – 98 ]. Dabrafenib, a 
mutant- BRAF  kinase inhibitor [ 99 ], and trametinib, a MEK inhibitor [ 100 ], have also 
been approved for treatment of  BRAF V600E  positive unresectable or metastatic 
melanoma. 

  BRAF  mutations occur in about 1–5 % of lung cancers. In contrast to melano-
mas,  V600E  mutations account for 50–60 % of these mutations and non- V600E  
mutations account for the remainder. With few exceptions,  BRAF  positive lung can-
cers are adenocarcinomas and, in some series, patients are more likely to be current 
or former smokers [ 101 – 105 ]. Marchetti et al. [ 103 ] reported that  V600E  mutations 
occurred more frequently in women and never smokers and were associated with 
micropapillary pattern whereas non- V600E  mutations occurred in smokers. 

 Cases have been reported of  BRAF V600E  mutated lung adenocarcinomas which 
responded to vemurafenib [ 106 – 108 ], whereas a  BRAF  G469L mutated lung adeno-
carcinoma did not [ 109 ] which anecdotally suggests that  BRAF V600E  mutation is 
a predictive biomarker for therapy of lung adenocarcinoma with vemurafenib. Two 
patients with BRAF V600E mutated lung NSCLC, at least one an adenocarcinoma, 
are reported to have had a partial responses to dabrafenib [ 110 ,  111 ]. In these cases, 
patients have developed acquired resistance similar to what is observed with targeted 
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therapies with the other biomarkers. Clinical trials with vemurafenib [ 94 ], 
dabrafenib [ 99 ] and trametinib [ 100 ] will hopefully validate these therapies for 
BRAF V600E mutated lung NSCLC. 

 Testing for  BRAF V600  mutations can be done by Sanger sequencing and various 
molecular techniques. As previously noted, the cobas 4800 BRAF V600 Mutation 
Test has been approved by the FDA as the companion diagnostic for  BRAF V600E  
testing for vemurafenib therapy in melanoma [ 95 ].  BRAF V600  mutations can be 
detected with targeted next generation sequencing [ 112 ,  113 ]. IHC using the afore-
mentioned  VE1   antibody has also been reported as a successful screening tool for 
BRAF V600E mutation in lung adenocarcinomas [ 114 ,  115 ].     
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      Epithelial Mesenchymal Transition 
in Aggressive Lung Cancers                     

       Vivek     Mittal    

    Abstract     The progression of a cancer cell into a metastatic entity contributes to 
more than 90 % of cancer related deaths. Therefore, the prevention and treatment of 
metastasis is an unmet clinical need. Epithelial to mesenchymal transition (EMT) is 
an evolutionary conserved developmental program, which is induced during cancer 
progression and contributes to metastatic colonization. EMT endows metastatic 
properties upon cancer cells by enhancing mobility, invasion, and resistance to apop-
totic stimuli. Furthermore, EMT-derived tumor cells acquire stem cell properties and 
exhibit therapeutic resistance. The disseminated tumor cells recruited to distant 
organs are suggested to subsequently undergo an EMT reversion through mesenchy-
mal to epithelial transition (MET), necessary for effi cient colonization and macrome-
tastasis. A major focus of cancer research is to determine the cellular and molecular 
mechanisms underlying EMT/MET in tumor invasion, dissemination and metastasis. 
In this chapter, we will focus on the contribution of the EMT signaling pathways in 
lung cancer progression, cancer stem cells and acquired resistance to EGFR tyrosine 
kinase inhibitors and chemotherapy. We will also discuss the potential of targeting 
EMT pathways as an attractive strategy for the treatment of lung cancer.  
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1         Epithelial Mesenchymal Transition in Cancer: Overview 

 Epithelial–mesenchymal transition (EMT), an evolutionarily conserved process, is 
essential for embryonic development, gastrulation, neural crest formation, and 
organ development [ 1 ]. EMT has been established as an important step in tissue 
repair, organ fi brosis, and cancer progression [ 2 – 4 ]. EMT is a dynamic and revers-
ible process, during which epithelial cells transition from polarized, cobblestone- 
like cells to migratory, spindle-shaped mesenchymal cells. In addition to 
 morphological changes  , cells undergoing EMT also exhibit changes at the molecu-
lar level by losing expression of epithelial markers such as E-cadherin, ZO-1 and 
occludin, and gaining expression of mesenchymal markers including  N-cadherin, 
vimentin, and fi bronectin  . Several signaling pathways regulate EMT including 
TGFs, BMPs, FGF, EGF, HGF, Wnt/beta-catenin and Notch, in which both tran-
scriptional and post-transcriptional processes are involved [ 5 ,  6 ]. 

 The similarities between  transcriptional and epigenetic regulatory pathways   in 
developmental and pathological EMTs suggest that the developmental EMT pro-
gram is hijacked during  tumor invasion and metastasis   [ 3 ,  7 – 10 ]. To identify key 
EMT molecular pathways that govern the metastatic process, many studies have 
focused on cell-based experimental models. These studies have shown that EMT 
confers tumor cells with invasive and metastatic abilities, resistance to therapies, as 
well as  cancer stem cell (CSC)         phenotypes that have a major impact on cancer pro-
gression [ 11 ]. Consistent with the demonstration that EMT activators such as Twist, 
can induce EMT and breast CSC phenotypes [ 12 ,  13 ], enrichment of CSC/EMT 
signatures in residual tumors remaining after neoadjuvant chemotherapy was dem-
onstrated [ 14 ]. However, a recent study showed that the homeobox factor “ paired- 
related homeobox transcription factor 1” (Prrx1)         is an EMT inducer conferring 
migratory and invasive properties. However, in contrast to other EMT-activators, 
Prrx1 suppresses CSC phenotypes [ 15 ]. This study suggests that unlike the classical 
EMT transcription factors, Prrx1 contributes to metastasis by uncoupling stemness 
from EMT. 

 While cancer cell intrinsic EMT signaling pathways have been well elucidated, 
the contribution of the  tumor microenvironment (TME)         in providing EMT activat-
ing signals to the cancer cells have only recently been investigated [ 16 ,  17 ]. Several 
paracrine and autocrine signals trigger induction of EMT resulting in mesenchymal 
and CSC states in cancer [ 18 – 20 ]. Following EMT, the disseminated  mesenchymal 
cells   undergo mesenchymal to epithelial transition (MET) at the site of metastasis 
[ 1 ,  21 ,  22 ]. 

 The clinical relevance of EMT has been an area of long standing controversy, 
mainly due to the lack of evidence of EMT in  clinical carcinomas and metastasis   
[ 23 – 26 ]. More recent efforts have been directed towards demonstrating EMT 
directly  in vivo  in mice and humans, and until now the direct role of EMT  in vivo  
has remained elusive. In this chapter, we will focus on EMT in cancer progression, 
with emphasis on lung cancer, and discuss opportunities for novel anti-EMT thera-
peutic approaches.  
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2     Epithelial Mesenchymal Transition in  Physiological 
Processes and Cancer   

 Three types of EMT have been proposed [ 27 ]. Type 1 EMT describes the transition 
of cells into the mesenchyme during embryogenesis and organ development, and 
does not involve pathological events [ 1 ]. Type 2 EMT is important for wound heal-
ing, tissue repair and organ fi brosis, where infl ammatory cells produce EMT- 
inducing factors including TGFβ, PDGF, FGF and Matrix metalloproteinases 
(MMPs), which induce EMT in normal epithelial cells leading to extensive organ 
fi brosis [ 27 ,  28 ]. Type 3 EMT is associated with cancer progression and metastases 
[ 3 ,  8 ,  9 ]. In addition, following primary EMT, mesenchymal cells are capable of 
reversing back to epithelial phenotypes through mesenchymal to epithelial transi-
tion (MET), which is critical for organ formation including kidney organogenesis 
and somitogenesis [ 3 ,  29 ]. In cancer, histological analysis has revealed morphologi-
cal similarities between primary tumors and their metastatic lesions [ 29 ], and it has 
been reported that E-cadherin levels are elevated in lymph node metastases relative 
to matched primary tumor samples. These data suggest that EMT in primary tumors 
may be followed by MET at distant metastatic sites [ 30 ,  31 ]. Consistent with these 
correlative clinical fi ndings, recent studies have demonstrated that re-differentiation 
of disseminated tumor cells in the metastatic site through MET is critical for colo-
nization [ 21 ,  24 ,  32 ]. The involvement of EMT in cancer progression is widely 
recognized; however, the potential role of MET is unclear, and constitutes an area 
of  intense   investigation.  

3     Epithelial Mesenchymal Transition in  Primary Tumor 
and Metastatic Dissemination   

 Since the fi rst description of EMT in cancer progression, EMT has been inherently 
related to metastasis [ 27 ,  33 ]. Accumulating evidence from in vitro experiments 
have shown that EMT represents a major mechanism for tumor cells to acquire criti-
cal metastatic features including enhanced mobility, invasion, and resistance to 
apoptotic stimuli. Furthermore, as a result of EMT, tumor cells acquire chemo- 
resistance and exhibit increased potential for initiating secondary tumors [ 34 ]. More 
importantly, EMT has also been implicated in conferring CSC properties [ 12 ,  35 ], a 
rare subpopulation of cancer cells with capacity of self-renewal, regeneration and 
differentiation into diverse types of cancer cells. 

 With the identifi cation of a mesenchymal phenotype in the highly malignant 
breast CSCs, research focus has recently progressed towards understanding the role 
of EMT in metastasis  in vivo . Using intravital imaging approaches, it was shown that 
single breast cancer cells gained mobility for hematogenous metastasis by activating 
EMT-promoting TGFβ-Smad2/3 signaling [ 36 ]. Indeed, EMT was also observed 
during metastasis in spontaneous tumor models in mice, where  disseminated tumor 
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cells in the lungs of MMTV-PyMT transgenic mice expressed a mesenchymal 
marker, FSP1, suggesting involvement of EMT in tumor dissemination [ 37 ]. Using a 
squamous cell carcinoma mouse model, activation of EMT-inducing transcription 
factor Twist was suffi cient to promote carcinoma cells to undergo EMT and dissemi-
nate into blood circulation [ 38 ]. However, at the distant sites, turning off Twist1 to 
allow reversion of EMT was essential for disseminated tumor cells to proliferate and 
form overt metastases. Direct evidence of EMT has also been shown in a K-Ras 
mediated spontaneous pancreatic tumor model, which develops liver metastases 
[ 39 ]. Remarkably, EMT-positive cells were found in primary lesions, in the circula-
tion, and as single cell deposits in the liver at a very early stage of primary tumor 
development, even before malignancy could be detected by rigorous histologic anal-
ysis. These post-EMT tumor cells gained expression of typical mesenchymal mark-
ers including fi bronectin, Zeb1 and FSP1 and lost expression of E-cadherin. 
Importantly, the post-EMT tumor cells represent the majority of metastatic tumor 
cells that seeded the metastatic liver. However, more rigorous lineage tracing 
approaches are being developed to actually demonstrate the process of EMT  in vivo . 
For example, using an EMT-lineage tracing strategy of mesenchymal specifi c (FSP1) 
Cre mediated β-galactosidase activity, Trimboli et al. compared the incidence of 
EMT events in three different oncogene-driven breast tumor models [ 40 ]. 
Signifi cantly, post-EMT tumor cells were detected in the Myc-driven tumors, but not 
in the PyMT- or Neu-driven tumors. Notably, lung metastases were formed in almost 
all MMTV-PyMT and MMTV-neu mice, but not in MMTV-myc animals, suggesting 
that the contribution of EMT in metastasis may be tumor type specifi c. It is also pos-
sible that the β-galactosidase activity was not sensitive enough to monitor the rela-
tively rare EMT events, and that better EMT-lineage tracing systems are required to 
clarify the biological contributions of post- EMT   tumor cells in metastasis.  

4     Epithelial Mesenchymal Transition in Lung Cancer 

 Lung cancer is a global public health problem with an estimated 1.3 million new 
cases each year [ 41 ]. In the United States, approximately 226,160 new cases of lung 
cancer are diagnosed per year with over 160,000 deaths. Despite advances in treat-
ment options, including minimally invasive surgical resection, stereotactic radia-
tion, and novel chemotherapeutic regimens, the 5-year survival rate in NSCLC 
remains only at approximately 15 %. Available targeted therapies such as EGFR 
tyrosine kinase inhibitors (TKIs, erlotinib and gefi tinib) and EML4-ALK  inhibitor   
(crizotinib) benefi t only 15–20 % of NSCLC patients who carry specifi c drug- 
sensitive mutations. Even in these patients, acquired resistance is a major impedi-
ment to a durable therapeutic response [ 42 – 44 ]. Notably, EMT has been implicated 
in mediating resistance to therapy in lung cancer. A growing body of evidence sup-
ports the role of EMT in the progression of many cancers [ 2 ], and  transcriptional 
factors and microRNAs   involved in the EMT process have been identifi ed in a 
number of signaling pathways. However, the role of EMT in lung cancer has not 
been extensively characterized. 
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4.1     Epithelial Mesenchymal Transition and Prognosis 
in Lung Cancer 

 Several studies have suggested an association between EMT  factors   including 
E-cadherin, hypoxia inducible factor 1α (HIF-1α), twist, snail and poor prognosis in 
lung cancer [ 45 ]. Notably, expression of Twist, Slug, and Foxc2 was an independent 
predictor of recurrence-free and overall survival in stage I NSCLC [ 46 ]. Analysis of 
archived tissue from primary human lung tumors, brain metastases and adjacent 
bronchial epithelial specimens showed high expression of EMT associated markers 
in progressing primary lung cancer specimens, particularly in  squamous cell carci-
noma   [ 47 ]. Compared to primary NSCLC,  brain metastases   showed decreased EMT 
phenotype expression, consistent with the notion that disseminated tumor cells 
undergo MET at the site of metastasis [ 1 ,  21 ].    It was suggested that overexpression 
of  Forkhead box M1 (FOXM1)  , a member of the Fox family of transcriptional fac-
tors, may have prognostic value for patients with NSCLC, and FOXM1 was shown 
to promote metastasis by inducing EMT through activation of the  AKT/p70S6K 
pathway   [ 48 ]. 

 In NSCLC, invasive tumor growth is accompanied by desmoplastic stroma reac-
tion and concomitant upregulation of EMT markers at the invasive front [ 49 ]. 
Previously, an analysis of surgically resected 533 NSCLC specimens by  immuno-
histochemistry   showed that EMT proteins periostin, versican and elastin confer 
prognostic value [ 50 ,  51 ]. Clinically relevant EMT biomarkers with signifi cant 
prognostic value in lung adenocarcinoma were identifi ed recently [ 52 ]. In this study, 
analysis of the  secretome   from a TGF-β induced model of EMT by mass spectrom-
etry unraveled a 97-gene EMT signature with positive correlations to lymph node 
metastasis, advanced tumor stage and histological grade. Moreover, a refi ned 
20-gene signature predicted survival of both adenocarcinoma and squamous carci-
noma patients. Increased expression of BRF2, a RNA polymerase II transcription 
factor was signifi cantly associated with the poor prognosis of NSCLC patients by 
virtue of promoting EMT [ 53 ]. In another study, downregulation of BRAF activated 
non-coding RNA promoted EMT, which was associated with poor prognosis in 
 NSCLC   [ 54 ]. Importantly, in some studies, survival data related to the EMT profi le 
is lacking.  

4.2     Epithelial Mesenchymal Transition and Lung Cancer 
Progression 

 The association of EMT and cancer progression has been shown in several  types   of 
cancer, including breast cancer, prostate cancer, pancreatic cancer and hepatocellu-
lar carcinoma. However, the role of EMT in lung cancer has not been extensively 
studied, and the role of EMT in the pathogenesis of several lung disorders is cur-
rently intensely debated. More recently, a number of signaling pathways and bio-
markers have been implicated in  EMT-induced lung cancer progression   (Fig.  1 ).
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   EMT is orchestrated by several signaling pathways, including TGF-β/Smad and 
IL-6/JAK/ STAT3   (signal transducer and activator of transcription 3) signaling. The 
 JAK/STAT3 pathway   was required for TGF-β-induced EMT and cancer cell migra-
tion and invasion via upregulation of p-Smad3 and Snail, and the IL-6/JAK/STAT3 
and TGF-β/Smad signaling synergistically enhanced EMT in lung carcinomas [ 55 ]. 
In another study, activation of peroxisome proliferator-activated receptor-gamma 
(PPAR-γ) inhibited TGF-β-induced EMT in lung cancer cells and prevented metas-
tasis by antagonizing Smad3 function [ 56 ]. TGF-β1-induced EMT in lung cancer 
cells resulted in the acquisition of a mesenchymal profi le associated with elevated 
levels of  stem cell markers   [ 57 – 59 ]. In a related study, TGF-β1-induced EMT in 
lung cancer cells upregulated Neuropilin (NRP)-2, the high-affi nity receptor for 
 SEMA3F   [ 60 ]. Notably, NRP2 blocked invasive potential of tumor xenografts and 
reversed TGF-β1-mediated growth inhibition. In NSCLC, Snail was shown to regu-
late Nanog during EMT via the  Smad1/Akt/GSK3β signaling pathway   [ 61 ]. 

  Notch-1 signaling   is critical in lung development and disease [ 62 ,  63 ], and has 
been shown to promote EMT [ 64 ]. It has been demonstrated that blocking Notch-1 
signaling by Hey-1 or Jagged1 knockdown or a γ-secretase inhibitor (GSI) attenuates 
EMT [ 65 ]. Radiation-induced Notch-1 overexpression promoted survival and EMT in 
NSCLC via miR-34a [ 66 ]. In this context, induction of  miR-34a   decreased the expres-
sion of Notch-1 and its downstream targets including Hes-1, Cyclin D1, Survivin and 
Bcl-2 and blocked proliferation and invasion in NSCLC cells [ 67 ]. Analysis of the 
Kras (G12D)-driven NSCLC mouse model showed that conditional Notch1 and 
Notch2 receptor deletion revealed opposing roles in NSCLC progression [ 68 ]. 
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  Fig. 1     Schema   depicting potential EMT pathways in lung cancer       
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In another study,  transcriptional factors Notch2 and Six1   induced EMT and conferred 
malignant phenotypes to lung adenocarcinomas [ 69 ]. 

  MicroRNAs   have been shown to contribute to EMT in NSCLC. miR-132 sup-
pressed the migration and invasion of NSCLC cells through targeting ZEB2 [ 70 ]. 
Expression of miR-149, downregulated in lung cancer, was inversely correlated 
with invasive and EMT phenotypes in NSCLC cells [ 71 ]. miR-149 targeted 
 Forkhead box M1 (FOXM1)     , and  FOXM1   was involved in the EMT induced by 
TGF-β1. miR-200s have recently been shown to inhibit EMT and promote MET by 
direct targeting of  E-cadherin transcriptional repressors   ZEB1 and ZEB2 [ 72 – 75 ]. 
The observation that the  miR-200 family   enforces the epithelial phenotype and 
inhibits EMT and invasion in vitro suggests that these miRNAs are likely to sup-
press metastasis. Recently, it was shown that, while re-differentiation induced by 
expression of miR-200 is required for metastatic colonization in  a   lung tumor xeno-
graft model, miR-200 also directly targets SEC23A, which stimulates the secretion 
of metastasis-suppressive proteins [ 32 ]. Interestingly, cancer cells established from 
a  mouse model   of lung adenocarcinoma, driven by oncogenic K-Ras and loss of 
function p53 mutations, display epithelial plasticity [ 76 ], and undergo EMT follow-
ing TGF-β exposure, which is dependent on downregulation of mir-200 with con-
comitant stabilization of  ZEB1 expression  . Ceppi and colleagues have shown that 
miR-200c expression induces an aggressive, invasive, and chemoresistant pheno-
type, and that lower mir-200c levels were associated with poor grade of differentia-
tion and higher metastatic potential in NSCLC patients [ 77 ]. In another study, 
immortalized  human bronchial epithelial cells (HBECs)         exposed to tobacco car-
cinogens exhibited EMT and stem-like features associated with miR-200 and miR- 
205. Notably, EMT was driven both by  chromatin remodeling and promoter DNA 
methylation   [ 78 ]. Some studies have reported confl icting roles of miR-200s in met-
astatic progression [ 76 ,  79 ,  80 ], possibly invalidating the therapeutic utility of miR- 
200s. Furthermore, it remains unclear whether metastasis-related functions of the 
miR-200s are mediated entirely or only partially through the ZEB–E-cadherin axis. 

  Osteopontin (OPN)  , a prognostic marker in NSCLC [ 81 ,  82 ], through integrin 
αVβ3, activated the FAK, PI3K, Akt, ERK and NF-kB pathways, contributing to the 
migration of lung cancer cells [ 83 ]. Similarly, a role of  pituitary tumor transforming 
gene (PTTG)     , in regulating EMT by inducing expression of integrin αVβ3 and 
adhesion-complex proteins (FAK) in lung cancer cells was shown [ 84 ].  Zyxin      was 
identifi ed as a novel functional target and effector of TGF-β/Smad3 signaling that 
regulates lung cancer cell motility and EMT via Integrin α5β1 [ 85 ]. 

  Infl ammation   is an important contributor of lung carcinogenesis. The infl amma-
tory component of the TME has been shown to stimulate EMT in lung cancer by 
contributing to hypoxia, angiogenesis and differential regulation of miRNAs [ 86 ,  87 ]. 
 Paracrine and autocrine contribution   of signaling molecules in inducing EMT in 
lung cancer has been documented. For example, a role for IL-27 in regulating EMT 
and angiogenesis through modulation of the STAT pathways in human NSCLC 
was demonstrated [ 88 ]. Similarly,  COX-2-dependent pathways   via modulation of 
transcriptional repressors of E-cadherin, ZEB1 and Snail regulated EMT in 
NSCLC [ 89 ]. 
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 Although association between  cigarette smoking   and lung cancer is well docu-
mented, the molecular mechanisms underlying cigarette smoke-induced EMT pro-
cesses that are critical for the progression and metastasis of lung cancer are not well 
understood. Cigarette smoking was shown to induce the repression of E-cadherin 
via transcription factors LEF-1 and Slug-mediated recruitment of histone deacety-
lase, HDAC [ 90 ]. In another study, cigarette smoke induced EMT through Rac1/
Smad2 and Rac1/PI3K/Akt signaling pathways in  pulmonary epithelial cells   [ 91 ]. 

 MMPs that degrade components of the  extracellular matrix   have been shown to 
induce EMT. MMP-3, MMP-7, and MMP-28 induce EMT in human A549 lung 
adenocarcinoma cells [ 92 – 94 ]. Recently MMP-induced upregulation of Rac1b con-
tributed to EMT in a transgenic mice model of lung cancer [ 95 ].  

4.3     Epithelial Mesenchymal Transition 
and Drug Resistance in Lung Cancer 

 Drug resistance constitutes a major challenge for the successful treatment of cancer 
patients.  Cancer therapy   is often associated with two major forms of drug resis-
tance— de novo  or acquired. Patients who are initially refractory to therapy display 
intrinsic or “ de novo ” drug resistance. Patients that initially respond to therapy typi-
cally relapse as a consequence of “acquired” drug resistance. EMT has been associ-
ated with resistance to chemotherapy, EGFR inhibitors, and other targeted drugs in 
cancers of the lung [ 96 – 98 ], bladder [ 99 ], head and neck [ 100 ], pancreas [ 101 ], and 
breast [ 102 ]. Intriguingly, EMT can trigger reversion to a CSC-like phenotype [ 12 , 
 35 ], providing an association between EMT, CSCs and drug resistance. 

 In  NSCLC  , despite the initial response, patients with EGFR-mutant NSCLC 
eventually develop acquired resistance to EGFR TKIs. The EGFR-T790M second-
ary mutation is responsible for approximately half of acquired resistance cases, 
while MET amplifi cation has been associated with acquired resistance in about 
5–15 % of NSCLCs [ 43 ,  103 ]. Accumulating evidence suggests that reversible epi-
genetic changes that emerge during acquired drug resistance refl ect changes in the 
differentiation state of the tumor, which is likely to refl ect EMT and the emergence 
of chemoresistant cells with stem cell-like features [ 104 ,  105 ]. Notably,  gefi tinib   
inhibited invasive phenotype and EMT in drug-resistant NSCLC cells with MET 
amplifi cation [ 106 ]. 

 Overcoming  de novo  and acquired resistance to drug therapy remains a challenge 
in the clinical management of NSCLC, and approaches to reverse or inhibit EMT as 
a strategy for drug sensitization are being considered. For example, Buonato and 
colleagues showed that ERK 1/2 signaling maintained a mesenchymal phenotype in 
NSCLC cells, and prolonged exposure to MEK or ERK inhibitors restored epithe-
lial phenotypes and overcome resistance to  EGFR-targeted therapy   [ 107 ]. Consistent 
with these observations, simultaneous EGFR and MEK inhibition are being consid-
ered in gastric cancer [ 108 ] and pancreatic cancer cells [ 109 ], and current clinical 
trials are evaluating erlotinib combined with MEK inhibitors in NSCLC. 
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 In an attempt to explain resistance to EGFR TKIs, Sordella and colleagues have 
uncovered the existence of a subpopulation of lung cancer cells that are intrinsically 
resistant to erlotinib and display EMT phenotypes. These cells by virtue of secreting 
elevated amounts of TGF-β and IL-6 resisted Tarceva treatment independently of 
the EGFR pathway [ 110 ]. In a previous study, lung adenocarcinomas harboring 
EGFR mutations were shown to exhibit upregulated IL-6 which activated the  gp130/
JAK/STAT3 pathway   [ 111 ]. In this context, Varmus and colleagues showed that 
inducible expression of EGFR kinase domain–activating mutations targeted to the 
lung epithelium gave rise to adenocarcinomas containing pSTAT3 and pAKT, dem-
onstrating an association between this oncogene and activated STAT3 [ 112 ]. 
Interestingly, metformin that suppress the IL-6/STAT3 pathway mediated EMT, and 
sensitized EGFR-TKI-resistant human lung cancer cells to erlotinib or  gefi tinib   
[ 113 ]. In another study, the expression of  Ras-related nuclear protein (Ran)   GTPase 
was elevated in invasive NSCLC. Ran induced EMT and enhanced invasion in 
NSCLC cells through the activation of  PI3K-AKT signaling   [ 114 ]. 

 In EGFR-TKI resistant lung cancer, activated Notch-1 was found to promote 
EMT associated with increased Snail and Vimentin expression, suggesting that 
gefi tinib resistance was secondary to Notch-activated EMT [ 115 ]. Consistent with 
this observation,  cisplatin   was shown to induce the enrichment of multidrug resis-
tant CD133+ CSCs by the activation of Notch signaling [ 116 ]. Consistent with 
this observation, Notch pathway activity identifi ed cells with CSC-like properties 
and correlated with worse survival in human lung adenocarcinoma [ 117 ]. High 
Notch activity has also been shown to induce radiation resistance in NSCLC 
[ 118 ]. The  Hedgehog (Hh) pathway   is implicated in lung squamous cell carcino-
mas (SCC). Notably, activated Hh signaling was shown to regulate metastasis 
through EMT, and the Shh/Gli pathway was implicated in SCC recurrence, metas-
tasis and resistance to chemotherapy [ 119 ]. In NSCLC, TGF-β1-mediated upregu-
lation of shh induced EMT in NSCLC cells [ 120 ], and conferred resistance to 
EGFR-TKIs [ 121 ]. Importantly, both genetic and pharmacological inhibition of 
the Hh pathway reversed the EMT phenotype and improved the therapeutic effi -
cacy of  EGFR-TKIs   [ 121 ]. 

 The  miR-134/487b/655 cluster   was shown to regulate TGF-β1-induced EMT 
and induced resistance to gefi tinib by targeting MAGI2 (membrane-associated 
 guanylate kinase, WW, and PDZ domain-containing protein 2) in which suppres-
sion subsequently caused loss of PTEN stability in lung cancer cells [ 122 ]. 

  Platinum-based chemotherapy   is the standard fi rst-line approach for the treat-
ment of NSCLC, but recurrence occurs in most patients [ 123 ]. Novel combination 
of  chemotherapeutic agents   have enhanced the overall median survival of NSCLC 
patients [ 124 ]. However, chemoresistance of tumor cells continues to be a challenge 
in the management of NSCLCs. Tumor cells often show initial sensitivity to chemo-
therapeutic drugs, but acquired resistance develops during the treatment, leading to 
tumor recurrence and further tumor progression. Analysis of cisplatin resistant lung 
cancer cells showed acquisition of the EMT phenotype, decreased connexin43 
(Cx43) expression, and increased capability of invasion and migration [ 125 ]. In a 
related study, resistance of lung cancer cells to  docetaxel   was associated with EMT, 
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and inhibition of ZEB1 reversed EMT and chemoresistance [ 126 ]. Integrinβ1 
induced EGFR TKI resistance in NSCLC tumors was associated with an EMT 
phenotype. [ 127 ].   

5     Therapeutic Potential of Targeting Epithelial 
Mesenchymal Transition in Lung Cancer 

 In lung cancer, EMT has been associated with key  tumorigenic properties   including 
increased invasion, angiogenesis and metastasis. Mechanistic insights on how EMT 
affects signaling pathways contributing to carcinogenesis is necessary to develop 
effective therapeutics. A number of signaling pathways including notch, wnt, hedge-
hog and PI3K-AKT, have been implicated in EMT. Furthermore, a growing body of 
evidence suggests that epithelial cells are more likely to initially respond to therapy, 
and that EMT confers acquisition of therapeutic resistance. As such, EMT, CSCs, 
and drug resistance have been described as an emerging axis of evil in cancer [ 128 ]. 
Targeting EMT has been considered a promising strategy against lung cancer, as it 
would provide novel translational and clinical studies for the benefi t of advanced 
stage cancer patients with  metastatic disease   [ 129 ]. NSCLCs resistant to EGFR TKIs 
have been shown to downregulate EGFR and increase expression of platelet- derived 
growth factor receptor (PDGFR), fi broblast growth factor receptor (FGFR), and 
AXL [ 130 ]. 

 EMT is currently being investigated as a therapeutic target for overcoming drug 
resistance in lung cancer. For example,  HGF-mediated activation   of Met receptor 
induced EMT conferred an aggressive phenotype and induced chemoresistance in 
preclinical models. Notably, treatment with Met inhibitor resensitized cells to che-
motherapy [ 131 ]. These fi ndings have clinical relevance, as human NSCLC speci-
mens expressing mesenchymal markers were associated with Met activation, 
predicted worse survival, and were upregulated in  chemorefractory disease  . These 
results support the rationale for Met inhibitor and chemotherapy-centered clinical 
trials, and suggest that the selection of SCLC patients based on mesenchymal 
 biomarkers in combination with Met expression may be a superior alternative for 
clinical trials of Met inhibitors plus chemotherapy. Similarly, in drug-resistant 
NSCLC cells with MET amplifi cation, gefi tinib was shown to inhibit invasive phe-
notype and EMT [ 106 ]. 

  ERK1/2 signaling   was shown to maintain a mesenchymal phenotype in NSCLC 
cells associated with resistance to EGFR-TKIs. Prolonged exposure to MEK or 
ERK  inhibitors   restored epithelial phenotypes and overcame resistance of NSCLC 
to EGFR-targeted therapy [ 107 ]. For example,    combination treatment with gefi -
tinib and MEK inhibitors was effective in the treatment of gefi tinib-resistant lung 
adenocarcinoma cells harboring EGFR mutations [ 132 ]. Indeed, current clinical 
trials have begun to evaluate erlotinib in combination with MEK inhibitors in 
NSCLC (NCT01229150). Similarly, the IL-6/STAT3 pathway-mediated EMT is 
also being exploited in EGFR-TKI-resistant NSCLC. Suppression of this pathway 
with metformin sensitized resistant lung cancer cells to erlotinib or  gefi tinib   [ 113 ]. 
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 Metformin   also inhibited IL-6-induced EMT and lung adenocarcinoma growth and 
metastasis [ 133 ]. 

 A 76-gene EMT signature was found to predict resistance to EGFR and PI3K/
Akt inhibitors, and AXL (a member of the RTK family), was identifi ed as a poten-
tial therapeutic target for overcoming EGFR inhibitor resistance associated with the 
mesenchymal phenotype [ 134 ]. In this context, activated phospho-AXL was 
detected in 59.8 % of adenocarcinoma cases examined and correlated signifi cantly 
with larger tumor size and with overall survival of the patients [ 135 ]. A recent study 
has shown that EMT rewires the mechanism of  PI3K pathway activation  -dependent 
proliferation in NSCLC cells [ 136 ,  137 ]. In epithelial cells, autocrine ERBB3 acti-
vation maintained PI3K signaling; however EMT altered the proliferative potential 
of cells by modulating ERBB3 expression. 

 The  CXCR4/CXCL12   axis contributes to the pathology of NSCLC, and targeting 
this axis has been considered as a potential therapeutic approach for the treatment of 
NSCLC [ 138 ]. Importantly, elevated CXCR4 levels were observed in NSCLC cells 
high in self-renewal capacity and increased chemotherapeutic resistance [ 139 ]. 
Inhibition  of   CXCR4 suppressed the self renewal capacity of NSCLC cells [ 140 ], 
and a previous study had shown that the transcription factor 5T4 via CXCR4 may 
induce EMT and increase migration of NSCLC [ 141 ]. The therapeutic potential of 
CXCR4/CXCL12 axis is being considered for cancer treatment [ 142 – 144 ]. EMT-
induced CSC phenotypes have been implicated in resistance to cisplatin, as cisplatin-
treated patients with lung cancer showed enrichment of CD133 +  stem cells due to 
activated Notch signaling, suggesting that blocking Notch signaling may reduce the 
recurrence of NSCLCs [ 116 ]. Similarly, the  AKT/β-catenin/Snail signaling pathway   
has been associated with CSC-like properties and EMT features in NSCLC cells, 
implying the therapeutic potential of this pathway for the treatment of NSCLC [ 145 ].  

6     Future Perspectives 

 Current EMT research efforts are directed towards understanding the interplay of 
multiple regulatory networks that contribute to the conversion of an epithelial tumor 
cell to a mesenchymal state resulting in acquisition of various acquired capabilities 
such as resistance to anoikis, oncogene-induced senescence, and resistance to apopto-
sis/chemotherapy and CSC properties. Various  transcriptional and post- transcriptional 
processes   have been identifi ed; however, the mechanisms by which these pathways 
are interconnected during cancer progression are not completely understood. A vari-
ety of  contextual paracrine and autocrine signaling factors   that maintain mesenchymal 
and CSC phenotypes have begun to emerge [ 20 ], and recent studies have implicated 
the contribution of chromatin modifi cation as a mechanism to attain widespread 
changes in gene expression that accompany the EMT process [ 9 ]. In lung cancer, 
EMT is associated with metastatic progression, resistance to EGFR inhibitors, che-
motherapy, and other targeted drugs [ 96 – 98 ]. Acquired resistance to the EGFR inhibi-
tor erlotinib resulted from the selection and expansion of a mesenchymal subpopulation 
[ 110 ], and restoring E-cadherin expression in mesenchymal- like NSCLC cells 
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potentiated sensitivity to EGFR inhibitors [ 146 ] suggesting that a treatment approach 
eliciting a mesenchymal to epithelial transition (MET) may be useful for expanding 
the effi cacy of EGFR inhibitors. In addition, growing evidence for AXL-mediated 
EGFR inhibitor resistance has been linked to EMT [ 147 ]. EMT regulators are being 
considered as potential molecular biomarkers and therapeutic targets for developing 
multi-targeted strategies for improving current cancer therapies and preventing dis-
ease relapse. For example, TGF-β has been shown to induce EMT in NSCLC [ 57 ], 
and clinical benefi ts of  TGF-β signaling inhibitors   is being considered [ 148 ]. 
Consistent with this notion, IN-1130, a novel inhibitor of TGF-β type I receptor, was 
shown to impair breast cancer lung metastasis through inhibition of EMT [ 149 ]. 
Similarly,  Wnt signaling   has emerged as a critical pathway in lung carcinogenesis, 
and Wnt pathway antagonists are being explored in NSCLC [ 150 ,  151 ]. Given that 
EMT contributes to resistance of EGFR- TKIs, inhibition of EMT constitutes a critical 
therapeutic strategy for overcoming to EGFR-TKis resistance in lung cancer. 

 Despite the signifi cant and rapid progress in the EMT fi eld, several issues have 
still remained unresolved. For example,  circulating tumor cell (CTC)      number in 
metastatic cancer patients is being considered as prognostic markers consistent with 
enhanced cell migration and invasion via loss of adhesion, a feature of EMT. Evidence 
of prognostic signifi cance of CTC number emerged from a study of resectable 
NSCLC, demonstrating an association between increased CTC number and shorter 
disease free survival [ 152 ]. A hybrid EMT phenotype of CTCs was also demonstrated 
in patients with metastatic NSCLC [ 153 ]. In light of these studies, multiplex analysis 
and further detailed exploration of metastatic potential and EMT in  CTCs   is now 
warranted in a larger patient cohort. 

 Finally, the role of EMT in cancer progression has been a topic of debate in the 
scientifi c community mainly due to paucity of robust in vivo data demonstrating the 
importance of EMT in tumorigenesis. Furthermore, the clinical relevance of EMT is 
often questionable due to the lack of evidence of EMT in clinical carcinomas and metas-
tasis [ 23 ,  25 ] [ 24 ,  26 ]. More recent efforts are directed towards EMT demonstration 
directly in vivo using lineage tracing approaches and live intravital microscopy imaging. 
These analyses may establish a more direct role of EMT  in vivo  during tumorigenesis.     
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      The Role of Cancer Stem Cells in Recurrent 
and Drug-Resistant Lung Cancer                     

       Raagini     Suresh    ,     Shadan     Ali    ,     Aamir     Ahmad    ,     Philip     A.     Philip    , 
and     Fazlul     H.     Sarkar    

    Abstract     Lung cancer is the leading cause of cancer-related deaths worldwide 
with a 5-year overall survival rate of less than 20 %. Considering the treatments 
currently available, this statistics is shocking. A possible explanation for the discon-
nect between sophisticated treatments and the survival rate can be related to the 
post-treatment enrichment of Cancer Stem Cells (CSCs), which is one of a sub-set 
of drug resistant tumor cells with abilities of self-renewal, cancer initiation, and 
further maintenance of tumors. Lung CSCs have been associated with resistance to 
radiation and chemotherapeutic treatments. CSCs have also been implicated in 
tumor recurrence because CSCs are not typically killed after conventional therapy. 
Investigation of CSCs in determining their role in tumor recurrence and drug- 
resistance relied heavily on the use of specifi c markers present in CSCs, including 
CD133, ALDH, ABCG2, and Nanog. Yet another cell type that is also associated 
with increased resistance to treatment is epithelial-to-mesenchymal transition 
(EMT) phenotypic cells. Through the processes of EMT, epithelial cells lose their 
epithelial phenotype and gain mesenchymal properties, rendering EMT phenotypic 
cells acquire drug-resistance. In this chapter, we will further discuss the role of 
microRNAs (miRNAs) especially because miRNA-based therapies are becoming 
attractive target with respect to therapeutic resistance and CSCs. Finally, the poten-
tial role of the natural agents and synthetic derivatives of natural compounds with 
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anti-cancer activity, e.g. curcumin, CDF, and BR-DIM is highlighted in overcoming 
therapeutic resistance, suggesting that the above mentioned agents could be important 
for better treatment of lung cancer in combination therapy.  

  Keywords     Lung cancer   •   Cancer stem cells   •   Drug-resistant   •   microRNAs   •   BR-DIM   
•   Curcumin   •   CDF  

1       Introduction 

 Lung cancer has two main pathological entities. These are  small cell lung cancer 
(SCLC)      and non-small cell lung cancer (NSCLC). Cases of NSCLC make up 75–80 
% of all lung  cancer   cases [ 1 ]. NSCLC can be further subdivided into squamous cell 
carcinoma, adenocarcinoma, and large cell carcinoma. Most originating sites of the 
various types of lung cancer are located at or near identifi ed airway stem cell niches, 
which suggests their stem cell origin [ 2 ]. The discovery of a group of cells with self- 
renewing abilities in tumors was groundbreaking, which prompted further studies. 
These cells, called cancer stem cells (CSCs), may be the primary cause of  chemo-
therapy resistance  , and thus the role of CSCs in tumor recurrence in patients with 
multiple types of cancer including lung cancer [ 3 ] became the area of cutting-edge 
research. In order to gain better understanding of lung CSCs, and develop new treat-
ments, a fundamental understanding of CSC markers, their therapeutic targets, 
the biology of drug-resistant properties of CSCs, and the role of novel molecular 
markers such as  microRNAs (miRNAs)   must be considered. Based on current 
understanding, combined with further research novel insight, one would be able to 
develop better treatment option that could be designed for targeted eradication of 
CSCs which will aid in the prevention of tumor recurrence in part mediated through 
overcoming drug-resistance of lung cancer.  

2     Cancer Stem Cells of the Lungs 

2.1     Markers Defi ning Lung CSCs and Their Potential 
Biological Implications 

 In order to research CSCs, they must fi rst be identifi ed. Among the common 
markers used to isolate and study CSCs are CD133, ALDH, ABCG2 and Nanog, as 
presented  in   Fig.  1 . These markers provide ways to assess how effective different 
treatments are at eradicating CSCs. The markers also have prognostic applications. 
Furthermore, the markers have been specifi cally targeted to reduce functionality—
or even induce apoptosis—in CSCs, increasing the specifi city and thus improving 
treatment outcome.
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  Fig. 1    A schematic presentation of stem cell markers studied and their signaling  pathways   
involved in the development and progression of lung cancer       
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2.1.1       CD133 

  CD133   is a commonly demonstrated lung CSC marker [ 2 ]. It is a cell surface 
glycoprotein that consists of fi ve transmembrane domains and two large glycosyl-
ated extracellular loops [ 4 ]. Researchers tested ten NSCLC cell lines in an attempt 
to verify that cells positive for CD133 possessed properties of CSCs. Findings sug-
gested that CD133 positive (CD133 + ) cells showed signifi cantly higher abilities of 
self-renewal, tumor initiation, and drug resistance characteristics when compared to 
CD133 −  cells [ 5 ,  6 ]. In addition to these fi ndings in NSCLC cell lines, CD133 +  cells 
with similar CSC properties have been found in SCLC, suggesting that CD133 may 
be a pan-lung cancer stem cell marker [ 2 ]. 

 In terms of the potential implications of this marker, high CD133 expression has 
been linked to poor prognosis in patients with NSCLC [ 7 ,  8 ]. This may result from 
the fact that CD133 expression has also been associated with higher tumor stage in 
adenocarcinoma [ 7 ]. However, these results are not completely conclusive yet and 
cannot be generalized for all patients with NSCLC, as indicated by one study that 
did not fi nd any link between CD133 expression and NSCLC prognosis [ 9 ].  

2.1.2      ALDH   

 Another marker useful for identifying and isolating CSCs has to do with the high alde-
hyde dehydrogenase activity of stem cells.  Aldehyde dehydrogenase (ALDH)     ’s 
enzymes control the differentiation of normal stem cells, suggesting a link between 
ALDH and CSC differentiation [ 10 ]. Furthermore, the ALDH family of intracellular 
enzymes was found to participate in cellular detoxifi cation and drug resistance in CSCs 
[ 2 ]. ALDH1, a cytosolic isoenzyme, is a member of the ALDH family. Lung cancer 
cells that expressed ALDH1 demonstrated highly tumorigenic and clonogenic proper-
ties [ 11 ]. Moreover, ALDH1A1 +  CSCs displayed resistance to chemotherapy drugs 
and EGFR-TKI (epidermal growth factor receptor tyrosine kinase inhibitors), both 
treatments are typically used to fi ght lung cancer [ 12 ]. Specifi cally, the drugs to which 
ALDH1A1 +  CSCs displayed resistance are the common chemotherapeutic drugs such 
as cisplatin, etoposide, and fl uorouracil, as well as the EGFR-TKI gefi tinib [ 12 ]. 

 Combined effects of the overexpression of CD133 in conjunction with that of 
ALDH, it is important to note that this combination has been related to an increased 
risk of recurrence in early-stage NSCLC [ 13 ]. Furthermore, the concomitant expres-
sion of CD133 and ALDH1A1 was correlated with shortest overall survival among 
205 stage-1 NSCLC patients [ 13 ]. Thus, the detection of both CD133 and ALDH 
could potentially serve as a  prognosis      indicator for NSCLC patients.  

2.1.3      ABCG2   

 Another marker of lung CSCs is ABCG2, an ATP-binding cassette transporter. 
ABCG2 has the ability to pump chemotherapeutic drugs out of the cell, ultimately 
resulting in decreased intracellular concentrations of the drugs [ 4 ]. The transporter 
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works by using energy from ATP to drive the active transport of drug metabolites and 
other compounds across the cell membrane. The ATP-binding cassette (ABC) super-
family, of which ABCG2 is a part, is a powerful resistance mechanism that greatly 
contributes to chemoresistance of CSCs [ 14 ,  15 ]. Looking at the implications of the 
presence of the ABCG2 marker, the source of the energy driving its active transport 
becomes important. Since ABC transporters are ATP-dependent, ATP-competitive 
agents could target them and could potentially reduce their effi cacy.  

2.1.4      Nanog   

 The Nanog transcription factor plays a key role in maintaining the self-renewal 
capacity of embryonic stem cells in embryonic development [ 16 ,  17 ]. It plays a 
similar role in CSCs. Since its role is directly related to such a key phenotypic char-
acteristic of CSCs, it has been used as a marker in lung CSCs [ 17 ,  18 ]. The overex-
pression of the Nanog protein predicted worse prognosis for lung cancer patients, 
suggesting its possible use as a prognostic indicator [ 19 ]. The  relationship   between 
Nanog and lung CSCs needs to be further examined in order to continue whether 
Nanog could be useful for the development of novel therapeutics.   

2.2     Therapeutic Targeting of Lung CSC Markers 

  Therapeutic treatments   have been developed for specifi cally targeting the CSCs. 
Such treatments have made use of CSC markers by either using them to fi nd CSCs 
or by actually targeting the markers themselves. The therapeutic targeting of lung 
CSC markers has not been studied to the depth it merits in lung cancer. However, 
markers of lung CSCs have indeed been established and studied in great detail. 
Thus, this section will entail the discussion of therapeutic targeting of lung CSC 
markers in any type of cancer. Some lung CSC markers that have been targeted 
include the aforementioned CD133, ALDH, ABCG2, and Nanog. 

  CD133   targeting in human metastatic melanoma has been effective. Short hair-
pin RNAs were used to down-regulate CD133. This led to decreased movement 
ability, spheroid-forming ability, and capacity of metastasis [ 20 ]. The down- 
regulation also led to slower overall cell growth. An effi cient method in the elimina-
tion of CD133 +  tumors has been reported by the use of antibody-drug conjugates 
[ 21 ]. This method has been used with success in hepatocellular and gastric cancers, 
and its effi ciency when applied to lung cancer should be further studied. 

 Another marker targeted in lung cancer is the ALDH family. The  ALDH   family 
has been targeted in colorectal cancer and breast cancer, among others as well. In 
both colorectal and breast cancer, ALDH1 activity inhibition with DEAB was suc-
cessful. In breast cancer cells, the ALDH1 inhibition resulted in the  suppression   of 
tumor-initiating ability and a reduction of metastasis to the lungs [ 22 ]. In colorectal 
cancer cells, ALDH1 inhibition led to increased sensitivity to the cytotoxic effects 
of a chemotherapeutic drug, CPA [ 16 ]. Another method used in colorectal cancer 
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cells was the down-regulation of ALDH through the use of shRNA, which reduced 
the number of detected CSCs [ 16 ]. 

 As previously discussed, the ABC multidrug effl ux pumps are important for the 
chemoresistance of CSCs. In order to increase the potency of treatment, the ABCG2 
transporter has been targeted. Inhibitors of the transporter are still waiting compre-
hensive clinical assessment, but they include phosphodiesterase-5 inhibitors and 
Ko143 [ 23 ].  Dietary fl avonoids   may also work to inhibit ABCG2-mediated cellular 
drug effl ux [ 24 ]. Such inhibitors will hopefully eventually work synergistically with 
conventional chemotherapeutics to eliminate tumors and reduce possibilities of can-
cer recurrence. 

 Finally, Nanog mRNA knock-down has resulted in decreased mobility and inva-
sion abilities of  choriocarcinoma cells   [ 25 ]. Since the therapeutic targeting of Nanog 
has proven successful in one type of cancer, it has the potential to be successful in 
the treatment of lung cancer, suggesting that further studies are warranted.   

3     Drug-Resistance 

 Therapeutic resistance (intrinsic and extrinsic) is one of the primary causes of fail-
ure in cancer treatment [ 26 ]. Drug-resistant  properties   of cancer can result in either 
an immediate re-initiation of the disease or re-initiation after a signifi cant lapse of 
time [ 27 ]. Some common treatments of lung cancer that have faced the problem of 
treatment resistance include  Epidermal Growth Factor Tyrosine Kinase Inhibitors 
(EGFR-TKI)     ,    chemotherapy, anti-proliferative treatments, and radiation treatment 
[ 27 – 29 ]. The drug resistance has been linked with a cellular process named 
epithelial- to-mesenchymal transition (EMT) whose characteristics closely mimic 
the cellular and molecular characteristics of CSCs. 

3.1     Role of  EMT      in Drug-Resistance 

 Epithelial cells can become invasive, migratory mesenchymal cells. This process, 
known as epithelial-to-mesenchymal transition, EMT, gives cancer cells the ability 
to migrate, invade, and spread through the vascular system. Furthermore, EMT may 
result in the production of CSCs, as evidenced by differences in cell surface marker 
expression and increased tumor formation [ 30 – 32 ]. Typical progression of EMT 
involves losing epithelial markers and gaining mesenchymal markers [ 33 ]. A dis-
tinctive feature of EMT is the loss of E-cadherin, a glycoprotein that is involved in 
epithelial cell-cell adhesion and cytoskeletal organization [ 26 ]. Considering its 
primary functions, it is clear that E-cadherin would not be useful for a migratory 
mesenchymal cell. 

 The loss of function of E-cadherin is thought to enable cancer cells undergo the 
processes of metastasis by giving rise to signifi cant transcriptional and functional 
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changes. One particular study focused on the role of E-cadherin in EMT was sought 
to determine whether E-cadherin loss could result solely in the loss of cell-cell con-
tacts or if E-cadherin loss could activate multiple transcriptional pathways. Results 
showed that E-cadherin loss contributed to the action of multiple transcriptional 
pathways [ 26 ,  34 ]. In fact, after E-cadherin loss, 19 transcription factors were highly 
induced. Moreover, E-cadherin loss alone was enough to confer metastatic abilities 
to non-metastatic breast cancer cells [ 35 ]. 

 Emerging evidence has shown that EMT plays a key role in making cancer cells 
drug-resistant to commonly used therapeutics, such as EGFR-TKI. EGFR is an 
oncogenic pathway that could be inhibited through the use of  tyrosine kinase inhibi-
tors (TKIs)      [ 29 ]. EGFR-TKI has been used to treat the adenocarcinoma subset of 
NSCLC [ 29 ]. Though patients respond to the treatment initially, most patients face 
the potential of relapse [ 36 ]. Adenocarcinoma cells resistant to EGFR inhibitors 
such as gefi tinib and erlotinib showed a decrease in their expression of E-cadherin, 
an epithelial cell marker, and an increase in their expression of vimentin, a mesen-
chymal cell marker. Since the drug-resistant lung cancer cells display the mesen-
chymal phenotype, EMT might be an indicator of insensitivity to EGFR inhibition 
in lung cancer [ 26 ]. Furthermore, restoration of E-cadherin increased the sensitivity 
of the drug-resistant cancer cells to EGFR-TKIs such as gefi tinib, further suggest-
ing a relationship between EMT and resistance to EGFR-inhibitors [ 29 ]. Though 
support for the relationship between EMT and resistance to these inhibitors in ade-
nocarcinoma is present, the evidence is still inconclusive. For example, one particu-
lar study found that only 50 % of samples had undergone EMT after exposure to 
gefi tinib [ 37 ]. Further research is required to fully understand the relationship 
between EGFR-TKI resistance and EMT. Such research may help increase the effi -
cacy of EGFR-TKI in patients  who      have shown resistance to this treatment method.  

3.2     Role of CSCs in Drug-Resistance 

 Some therapies that are currently in place are effective in that they are able to 
remove bulky disease; however, therapies that fail to employ a strategic elimination 
of CSCs are often ineffective, and results in cancer recurrence [ 27 ]. A specifi c 
example of such an instance can be seen in platinum-based combination  chemo-
therapy  , a fi rst-line treatment for NSCLC in advanced stages [ 28 ]. This type of 
 treatment   works by inhibiting DNA repair and/or DNA synthesis in cancer cells. 
Notably, a signifi cant number of patients face the problem of tumor recurrence 
after platinum-based combination chemotherapy [ 38 ]. When fi rst-line agents fail, 
second- line agents (such as  Docetaxel and Pemetrexed  ) are used. Unfortunately, 
the second- line agents tend to be ineffective in patients who have received typical 
fi rst-line chemotherapy. A recent study discovered that cisplatin treatment, a plati-
num-based fi rst-line treatment, elevated the ratio of cells expressing the CSC mark-
ers CD133 and Nanog [ 14 ,  28 ], suggesting enrichment of these drug resistant cells 
after conventional therapy. The  cisplatin treatment   appears to select for CSCs, 
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resulting in the high rate of paclitaxel resistance as well in patients who had been 
treated with cisplatin. 

 CSCs have special properties that contribute to their drug-resistance phenotype. 
Some of the more signifi cant contributing properties include CSCs’ relative dor-
mancy, their high capacity for DNA repair, and their high expression of  multiple 
drug resistance membrane transporters   [ 27 ]. The relative dormancy of CSCs is 
important when considering anti-proliferative treatments, such as  Imatinib and 
Nilotinib   [ 27 ]. CSCs are often in a state of dormancy, or quiescence, where they are 
non-proliferative [ 39 ]. While CSCs are not in the cell cycle, they are protected from 
chemo-radiotherapy. The use of specifi c agents (like As 2 O 3 ) to force the CSCs to 
re-enter the cell cycle can restore chemo- and radio-sensitivity and should be 
employed in conjunction with  anti-proliferative treatments   [ 40 ], suggesting that 
further proof-of-concept studies are warranted. 

 CSCs express a signifi cant number of multiple drug resistance membrane trans-
porters, including those of the ABC family [ 27 ,  41 ]. As previously discussed, these 
transporters use active transport to effl ux drugs, hence reducing the drugs’ impact 
on CSCs [ 14 ]. However, CSCs rely on still other mechanisms for drug resistance, 
limiting the effi cacy of ABC transporter inhibitors. 

 Furthermore, CSCs have a high capacity for DNA repair, yet another factor con-
tributing to their drug-resistance [ 27 ]. In a study of  human glioblastomas, CD133 +  
cells   were found to survive radiation treatment better than cells without this CSC 
marker [ 42 ]. This survival difference can be attributed to the effi cient DNA repair 
mechanisms present in CSCs, such as the role of  Chk1 and Chk2 checkpoint kinases   
[ 42 ]. These kinases pauses the cell cycle to allow DNA repair to happen, and thus 
these strategies could be useful for overcoming therapeutic resistance. In addition to 
the role  cellular processes   and the genes that are involved in therapeutic resistance, 
there are many regulatory networks that may be equally responsible for therapeutic 
resistance including microRNA (miRNAs) that regulate the expression of many 
functional genes as discussed below.   

4     The Role of miRNAs 

 MicroRNAs (miRNAs), are non-coding RNAs made up of 19–22 nucleotides that 
help regulate gene expression during  translational control   [ 43 ]. The miRNAs play 
very important roles in numerous biological processes of cancer cells, including 
development, proliferation, and apoptosis [ 44 ]. The miRNAs are endogenous post-
transcriptional regulators that negatively regulate the expression of their target 
genes [ 45 ]. The miRNAs can be either oncogenic or tumor  suppressing  , depending 
on the subsequent pathways they infl uence. The role of miRNAs will be discussed 
in terms of their impact on chemoresistance and the maintenance of CSCs in general 
in the following section. New therapies take advantage of knowledge gained from 
miRNA research, making the understanding of how miRNAs are critically involved 
in cancer development, treatment and therapeutic resistance. 
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4.1     MicroRNAs Associated with Chemoresistance 

 Since miRNAs are useful in so many different arenas, it is only natural that they be dis-
cussed in relation to chemoresistance. Much research has been focused on miRNAs, and 
continues to focus on the up-regulation or down-regulation of miRNAs in relation to 
treatment resistance. This research can result in attempts to up-regulate the miRNAs to 
reverse treatment resistance or developments of new treatments altogether. Since miR-
NAs are associated with chemoresistance, they can also prove to be useful as prognostic 
indicators. The miR-212, the let-7 family, and various other miRNAs are associated 
with EGFR signaling should be further researched in order to identify new treatments or 
improving the effectiveness of currently used common treatments for lung cancer. 

4.1.1      miR-212   

 miR-212 is considered a tumor suppressor, and its down-regulation has been corre-
lated with chemoresistance [ 46 ]. When the expression  of   miR-212 levels is normal, 
it increases  tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)     -
induced cell death in NSCLC cells [ 47 ]. The down-regulation of miR-212 leads to 
the up-regulation of the anti-apoptotic PED, and PED has been implicated in induc-
ing resistance to chemotherapeutic treatment, meaning that miR-212 down- regulation 
is in part responsible for chemoresistance. Another way miR-212 may be involved in 
chemoresistance is through its relationship with ABC multidrug effl ux transporters. 
In CML, or chronic myeloid leukemia, miR-212 down-regulation has been found to 
be associated with decreased ABCG2 protein expression [ 48 ]. The use of reporter 
gene assays established that miR-212 targeted the 3′-UTR region of ABCG2 [ 48 ]. 
Finally, miR-212 down-regulation has also been suggested to be responsible for 
docetaxel resistance in NSCLC adenocarcinoma cells [ 49 ].  

4.1.2     The  let-7 Family   

 Let-7 (lethal-7) refers to a family that consists of 12 miRNAs. The let-7 family is a 
known inhibitor of EMT [ 50 ]. Accordingly, let-7 has been found to be down- regulated 
in A549 NSCLC cells treated with TGF-β1. These cells were also found to be resis-
tant to the drug erlotinib. The re-expression of let-7b and let-7c led to the reversal of 
EMT and was accompanied by increased erlotinib sensitivity [ 51 ]. Since let-7 down-
regulation results in drug resistance, it follows as logical that reduced levels of let-7 
have been associated with poor patient outcome for patients with lung cancer [ 52 ].  

4.1.3     miRNAs Associated with  EGFR   

 Acquired resistance of NSCLC to EGFR has been found to be in part due to the 
acquisition of secondary mutations in EGFR itself. An example of such a mutation 
is the EGFR T790M “gatekeeper” mutation, which has been responsible for 50 % 
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of resistant cases [ 53 ]. Another mechanism of acquired resistance, the amplifi cation 
of the MET oncogene, has been associated with tumor growth and metastasis. This 
mechanism has been observed in 20 % of resistant cases [ 54 ]. The study of miRNAs 
through a microRNA microarray identifi ed that miR-30b, miR-30c, miR-221, and 
miR-222 target both epidermal growth factor (EGF) and MET receptors [ 55 ]. The 
microarray also found that miR-103 and miR-203 target solely the MET oncogene. 
These microRNAs collectively had a large impact on the response to gefi tinib- 
induced apoptosis of NSCLC cells. The miRNAs inhibited the expression of genes 
encoding BCL2-like 11 (BIM), apoptotic peptidase activating factor 1 (APAF-1), 
   protein kinase C-ε, and sarcoma viral oncogene homolog (SRC) [ 56 ]. Modulating 
these miRNAs, in conjunction with chemotherapy, could provide a better outlook 
for NSCLC patients treated with EGFR-TKIs.   

4.2     MicroRNAs Associated with CSCs 

 MiRNAs, important regulators of CSCs, are inappropriately regulated in many 
 cancers. Such incorrect regulation could include the deregulation of miRNAs, as 
seen in miR-34a, miR-21, and the miR-200 family (Table  1 ). This process raises a 
question on whether re-introduction or inhibition of these miRNAs would restore 
normal tumor suppressing/oncogenic ability as discussed in the following sections.

4.2.1        miR-34a   

 MiR-34a is a known tumor suppressor, and its up-regulation led to increased apop-
tosis [ 46 ]. The tumor suppressor p53 transcriptionally induces miR-34a [ 57 ]. When 
miR-34a expression is reduced, lung CSCs take on a more aggressive phenotype 
[ 58 ]. When miR-34a expression is increased again, this increased aggressive pheno-
type is lost [ 58 ]. Since miR-34a is frequently down-regulated in lung cancer, it is 
being evaluated as a replacement therapy candidate [ 55 ]. The delivery of a miR-34a 
mimic has been shown to reduce tumor growth [ 59 ]. This suggests that miRNA 
replacement therapy may prove extremely useful, and encourages further research 
into the fi eld of miRNAs related to CSCs—and cancer in general.  

    Table 1 miRNAs as regulators of cancer stem cells   

 MiRNA  Up or down-regulated in cancer  Target genes  Reference numbers 

 MiR-212  Down-regulated  PED  [ 46 – 49 ] 
 Let-7 family  Down-regulated  RAS, HMGA2  [ 50 – 52 ] 
 MiR-34a  Down-regulated  c-Met, CDK4, Bcl-2  [ 46 ,  55 ,  57 – 59 ] 
 MiR-21  Up-regulated  PTEN  [ 45 ,  60 ,  61 ] 
 MiR-200 family  Down-regulated  E2F3  [ 55 ,  60 ,  62 ] 
 MiR-30b/30c  Up-regulated  BIM/APAF-1, EGFR  [ 46 ,  55 ,  56 ] 
 MiR-221/222  Up-regulated  BIM/APAF-1, EGFR  [ 55 ,  56 ,  63 ] 
 MiR-103/203  Down-regulated  PKC-ε, SRC, MET  [ 55 ,  56 ] 
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4.2.2      miR-21   

 MiR-21 expression was greatly increased in colon cancer CSCs [ 45 ]. The down- 
regulation of miR-21 caused the differentiation of CSCs, as evidenced by a decrease 
in CSC markers. Since differentiated CSCs are more susceptible to treatments, and 
thus down-regulation of miR-21 in conjunction with other treatment was investi-
gated. When the down-regulation of miR-21 preceded other treatments such as 5-fl u-
orouracil + oxaliplatin (FUOX) and CDF (a novel synthetic agent), the treatments 
were more effective [ 45 ]. Taking a more detailed look at miR-21, it is important to 
consider its targets. Phosphatase and tension homolog (PTEN) is a tumor suppressor 
gene that is a target of miR-21 [ 60 ]. When miR-21 is suppressed, PTEN is up-regulated, 
resulting in tumor suppression [ 60 ]. In relation to lung cancer, miR- 21- 3p relative 
expressions were found to be higher in NSCLC tissues as compared to non-cancer-
ous tissues [ 61 ]. However, miR-21 has a lower prognostic value when compared to 
other miRNAs, so while down-regulation of miR-21 should be attempted in lung 
cancer, the expectations for its impact on lung CSCs should require further in-depth 
mechanistic studies.  

4.2.3    The  miR-200 Family   

 The miR-200 family is a known inhibitor of EMT, a process that is responsible for 
some of the production of CSCs [ 30 – 32 ,  51 ]. The loss of expression of the miR-200 
family is associated with an increase in EMT phenotypic cells, and consequently drug 
resistance and enrichment of CSCs [ 60 ]. MiR-200b, a member of the miR-200 family, 
targets Suz12 a subunit of a polycomb repressor complex (PRC2) among others. The 
expression of Suz12 is enough to generate CSCs [ 62 ]. The re-expression of miR-200 
would inhibit Suz12, helping to suppress tumor growth and stop the generation of 
CSCs [ 62 ]. This re-expression of miR-200 through the use of drugs such as CDF 
could also potentially reverse EMT, leading to the differentiation of CSCs, and thus 
improve prognosis of lung cancer [ 63 ] although further studies are warranted.    

5     Natural Agents and Their Synthetic Derivative 
as Anti- cancer Compounds 

 The discovery of anti-cancer compounds, both natural and synthetic, is very inter-
esting in that though we may be searching for compounds with astounding effects 
on cancer; we are also interested in learning how these compounds may function. 
The increased understanding of both natural and synthetic anti-cancer compounds 
can result in the discovery or synthesis of novel compounds that may have a pro-
found impact on cancer treatment worldwide especially for overcoming therapeutic 
resistance. In this section, a natural compound, BR-DIM, will be discussed, as will 
another natural compound, curcumin, and its synthetic analog, CDF to highlight the 
area of research that certainly require further cutting-edge research. 

The Role of Cancer Stem Cells in Recurrent and Drug-Resistant Lung Cancer



68

5.1      BR-DIM   

 One treatment that has been shown to be effective in the growth inhibition of cancer 
cells is the BR-DIM treatment [ 64 ]. This natural agent works in part by inducing 
apoptosis in lung cancer cells by down-regulating Survivin and Bcl-2, decreasing 
Bax, and enhancing procaspase cleavage [ 65 ,  66 ]. This agent also induces apoptosis 
through activation of the p38 MAPK pathway [ 67 ]. In NSCLC, BR-DIM has been 
shown to inhibit the growth of drug-resistant cell lines that exhibited mutant EGFR 
[ 66 ]. Even cancer cells resistant to targeted therapies, chemotherapy or radiation 
exhibited growth inhibition in the presence of BR-DIM [ 66 ]. Met, which has been 
linked to poor patient prognosis in lung cancer, showed reduced expression in lung 
cancer cells when they were treated with BR-DIM [ 66 ]. 

 Most signifi cantly, BR-DIM may be able to reduce cancer metastasis or recur-
rence. Such an outcome is possible due to BR-DIM’s ability to decrease invasive 
abilities of EGFR signaling. A possible mechanism for this is the suppression of the 
pro-metastatic chemokine receptor CXCR4 [ 68 ,  69 ]. Therefore this compound 
should be studied in combination with other forms of therapy to fi nd best treatment 
regimen that will improve patient prognosis.  

5.2      Curcumin   

 One example of another natural anti-cancer compound is curcumin. Curcumin is a 
non-toxic substance extracted from turmeric [ 43 ]. Curcumin has proven effective in 
inducing apoptosis as well as inhibition of proliferation of drug-resistant CSCs. 
Some ways by which curcumin has been shown to be effective including EGFR- 
mediated processes of cell survival and apoptosis, increasing CSC treatment sensi-
tivity that maybe interacting with miRNAs to induce apoptosis [ 43 ]. 

 As previously discussed, the EGFR-TKI method of NSCLC treatment is prone to 
resistance. However, when curcumin is present, the EGFR protein undergoes ubiq-
uitination and degradation [ 70 ]. Decreasing the EGFR protein on the cell membrane 
results in eventual cancer cell apoptosis and death [ 70 ]. Part of what makes this 
method successful is the fact that it is not susceptible to EGFR mutation. 

 Furthermore, curcumin may increase the therapeutic effectiveness of existing 
treatment modalities. Curcumin was able to induce the sensitivity of CD133 +  CSCs 
in laryngeal carcinoma to cisplatin. This resulted in the reduction of the percentage 
of CD133 +  CSCs, which were previously resistant to treatment [ 71 ]. Curcumin was 
able to reduce drug-resistant properties by down-regulating the expression and/or 
activity of ABC multidrug transporters in leukemic cells [ 43 ]. ABCG2, a member 
of this family of transporters, is also a marker for lung CSCs, suggesting curcumin’s 
potential effi cacy in reducing drug-resistant properties of lung CSCs. Curcumin has 
also reduced amounts of CD133 +  medulloblastoma, glioblastoma, pancreatic and 
colon CSC proliferation through Hedgehog, insulin growth factor (IGF-), STAT3-, 
and histone methyltransferase EZH2-dependent mechanisms [ 70 ]. CD133 is also a 
marker used for the identifi cation of lung CSCs in both NSCLC and SCLC, again 
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suggesting curcumin’s potential effectiveness in lung cancer. Curcumin could be 
useful to reduce drug-resistant properties of cancer by targeting CSCs and their 
markers. This may indirectly result in the reduction of tumor recurrence, since 
CSCs have been linked as being responsible for this phenomenon [ 27 ,  72 ]. 

 Curcumin has also been able to induce apoptosis in a multi-drug resistant lung 
adenocarcinoma cell line, A549 [ 73 ]. By down-regulating miR-186 in  A549   (lung 
adenocarcinoma) cells, curcumin was able to promote lung cancer cell apoptosis [ 74 ]. 
Discoveries of the effi ciency of curcumin in lung cancer treatment and cancer treat-
ment in general in pre-clinical model suggested activity; however, based on the lack 
of optimal bioavailability of curcumin the clinical trial results has been disappointing, 
which  prompted   research into the fi eld of curcumin analogs, some of which have been 
useful in pre-clinical studies, and thus warrant further investigation.  

5.3      CDF   

 The low bioavailability of curcumin prompted the synthesis of CDF, a difl uorinated 
synthetic analog of curcumin with greater bioavailability [ 3 ,  60 ]. CDF works in a 
manner similar to curcumin. It down-regulates the expression and/or activity of 
EGFR, IGF-1R, NF-κB, c-Myc, β-catenin, COX-2, and the ABCG2 multidrug trans-
porter [ 3 ]. In order to ensure that the effi ciency of CDF in killing CSCs is consistent 
with that of curcumin, tests were conducted comparing the two in terms of their 
ability to reduce the presence of CSC markers in chemo-resistant colon cancer cells 
that were highly enriched in CSCs [ 3 ]. These tests discovered that CDF was more 
effective than curcumin in killing CSCs. 

 CDF has also been found to cause a greater induction of overall apoptosis [ 43 ]. 
CDF mediated induction of apoptosis was in part mediated by activating the pro- 
apoptotic factor Bax [ 3 ]. Furthermore, CDF was able to inhibit and disintegrate 
colonospheres containing over 80 % of CSCs, as determined by the presence of the 
colon CSC marker CD44 [ 3 ]. Curcumin failed to show similar biological activity. In 
a study comparing CDF and curcumin in the pancreatic cancer cell lines AsPc-1 and 
MIAPaCa-2, similar results were observed [ 60 ]. The determination of which agent 
is superior in terms of killing lung CSCs has not been done yet, and thus further 
research needs to be conducted. Furthermore, the specifi cities of the mechanisms of 
CDF in the elimination of CSCs have not been fully elucidated.   

6     Conclusions: The Future of CSCs and CSC-Targeted 
Treatment 

 Research on CSCs has shed enormous light on why so many cancers are drug- 
resistant and leads to tumor recurrence. With this powerful information, treatments 
can be modifi ed to include agents that could kill CSCs as well as bulk of cancer cells 
in a tumor mass. Understanding the processes of how CSCs acquire drug-resistance 
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can lead to the development of novel treatment strategies with the objective of 
elimination or reversal of drug-resistant characteristics of cancer cells prior to the 
administration of conventional therapeutics. 

 CSCs have already changed the face of cancer treatment. Already, the use of 
 antibody-drug conjugates   that target markers of CSCs in addition to normal drug 
function have been successfully employed [ 21 ]. Such ideas are delightfully simple, 
but they could not have ever come into existence without countless hours in the 
laboratory determining the very existence of CSCs, pinpointing their markers, 
 fi nding an antibody, and creating the antibody-drug conjugate. The antibody-drug 
conjugate is just one example of a success story but the future looks brighter espe-
cially for miRNA-targeting therapeutics in the context of CSCs. 

 To that end, novel natural agents or their synthetic analogs that are designed to 
target CSCs and miRNAs are beginning to be appreciated. These natural compounds 
can help us as human beings make lifestyle choices and changes, where possible, to 
reduce risk of cancer and more importantly assist in overcoming therapeutic resis-
tance so that conventional treatment modalities become much more effective in 
eradicating tumors. Prevention is always more effi cient than treatment. For exam-
ple, BR-DIM and curcumin can be added to the standard diet fairly easily [ 7 ] 
although further research into these compounds may result in the eventual synthesis 
of a compound that maybe superior to all existing compounds. The possibilities are 
endless and the future looks brighter. 

 CSCs driven research should be at the forefront of cancer research. The practical 
applications surrounding their research are absolutely astounding. Future research 
should focus on new ways to target CSC markers, methods to induce CSC differen-
tiation to reduce drug-resistance, and the potential use of miRNAs as a target for 
therapy which underscore the importance of natural compounds as anti-cancer 
agents. By continuing to amalgamate more knowledge, there is hope for improve-
ment in the treatment outcome of patients affl icted with cancers and especially 
lung cancer.     
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    Abstract     The tumor microenvironment (TME) represents a milieu that enables 
tumor cells to acquire the hallmarks of cancer. The TME is heterogeneous in com-
position and consists of cellular components, growth factors, proteases, and extra-
cellular matrix. Concerted interactions between genetically altered tumor cells and 
genetically stable intratumoral stromal cells result in an “activated/reprogramed” 
stroma that promotes carcinogenesis by contributing to infl ammation, immune sup-
pression, therapeutic resistance, and generating premetastatic niches that support 
the initiation and establishment of distant metastasis. The lungs present a unique 
milieu in which tumors progress in collusion with the TME, as evidenced by regions 
of aberrant angiogenesis, acidosis and hypoxia. Infl ammation plays an important 
role in the pathogenesis of lung cancer, and pulmonary disorders in lung cancer 
patients such as chronic obstructive pulmonary disease (COPD) and emphysema, 
constitute comorbid conditions and are independent risk factors for lung cancer. The 
TME also contributes to immune suppression, induces epithelial-to-mesenchymal 
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transition (EMT) and diminishes effi cacy of chemotherapies. Thus, the TME has 
begun to emerge as the “Achilles heel” of the disease, and constitutes an attractive 
target for anti-cancer therapy. Drugs targeting the components of the TME are mak-
ing their way into clinical trials. Here, we will focus on recent advances and emerg-
ing concepts regarding the intriguing role of the TME in lung cancer progression, 
and discuss future directions in the context of novel diagnostic and therapeutic 
opportunities.  

  Keywords     Microenvironment   •   Lung cancer   •   Infl ammation   •   Immune cells   • 
  Angiogenesis   •   Endothelial cells   •   Bone marrow   •   Hypoxia   •   Therapy   • 
  Immunotherapy   •   Radiation   •   Resistance  

1         The Tumor Microenvironment: An Overview 

 The TME has been recognized as a major contributor to tumor  progression and 
metastasis   [ 1 – 4 ]. The TME is heterogeneous in composition, and concerted hetero-
typic reciprocal interactions between genetically altered tumor epithelial cells and 
intratumoral stromal cells regulate major hallmarks of cancer including angiogen-
esis, infl ammation, immune suppression, epithelial-to-mesenchymal transition 
(EMT), and metastasis [ 1 ,  3 ]. Importantly, strategies that target the TME are being 
considered in  cancer prevention    [ 5 – 7 ]. 
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 The  stromal cells   recruited to the tumor beds are “educated” and “reprogramed” 
by the paracrine activity of tumor epithelial cells to acquire an “activated” protu-
morigenic  phenotype   [ 8 – 10 ]. Examples of tumor-activated stromal cells include 
macrophages (classically activated M1 to alternatively-activated M2 phenotype) 
[ 11 ,  12 ], neutrophils (N1 to N2 conversion) [ 11 ], fi broblasts (conversion to acti-
vated cancer-associated fi broblasts (CAFs)) [ 13 ], endothelial cells [ 14 ] and immune 
cells [ 15 ]. These activated stromal cells promote tumor growth and have begun to 
emerge as attractive targets for anti-cancer therapy [ 1 ,  5 ,  16 ,  17 ]. 

 The “ angiogenic switch”   is a critical step in tumor growth and in the progression 
of micrometastasis to lethal macrometastasis [ 1 ,  18 ,  19 ]. The molecular players and 
mechanisms underlying the angiogenic switch have been intensely investigated, and 
a variety of pro-angiogenic factors and angiogenic inhibitors that play critical roles 
during the angiogenic switch have been identifi ed and characterized. Insights from 
these investigations have led to the development of various pro- and anti- angiogenic 
therapies that are currently tested in clinical trials or are already in clinical use. 
Inhibition of  angiogenesis   by neutralizing antibodies against vascular endothelial 
growth factor (VEGF) is effective at reducing progression of certain tumors despite 
having little effect on most tumor cells [ 7 ]. In addition to endothelial cells, the infl am-
matory cells, particularly cells of the myeloid lineages (monocytes, macrophages, 
and neutrophils) and CAFs progressively accumulate in tumors, where they establish 
an infl ammatory protumorigenic TME [ 12 ,  20 ].  Infl ammation   is now accepted as an 
underlying or enabling characteristic that contributes to key hallmarks of cancer, and 
non-steroidal anti-infl ammatory drugs have shown a reduction in cancer risk [ 21 ,  22 ] 
and may prevent distant metastasis [ 23 ].  Myeloid cells   also secrete VEGF, basic 
fi broblast growth factor (bFGF), platelet-derived growth factor (PDGF), placental 
growth factor (PIGF), and Bv8, that contribute to vascular remodeling during tumor 
progression [ 24 ,  25 ]. Myeloid cells also secrete proteases such as urokinase-type 
plasminogen activator (uPA) and matrix metalloproteinases (MMPs), which degrade 
extracellular matrix (ECM) components to release VEGF and other sequestered 
mitogenic factors that facilitate endothelial migration and tumor invasion [ 26 ]. 

  Tumor-associated macrophages (TAMs)         accumulate in regions of hypoxia [ 27 ] 
and support multiple aspects of tumor progression [ 28 ]. Studies from breast cancer 
and glioblastoma have shown that TAMs promote invasive cellular phenotypes [ 29 ], 
through a  paracrine signaling loop   that involves tumor-derived colony-stimulating 
factor 1 (CSF-1) and macrophage-derived epidermal growth factor (EGF) [ 30 – 32 ]. 
TAMs also secrete proteases, such as cysteine cathepsins, which support tumor pro-
gression and confer therapeutic resistance [ 33 ,  34 ]. The therapeutic potential of tar-
geting TAMs has been demonstrated in breast cancer and in glioblastoma [ 6 ,  34 ,  35 ]. 

 The  stromal cells   also generate infl ammatory conditions that contribute to tumor-
igenesis [ 20 ,  36 ,  37 ]. The infl ammation-responsive Ikappa B kinase (IKK)-beta and 
its target nuclear factor kappa B (NF-κB) have important tumor-promoting func-
tions within malignant cells and infl ammatory cells (macrophages, lymphocytes) 
[ 38 ]. From a clinical perspective, a strong tumor-associated infl ammatory response 
can be initiated by cancer therapy. For example,  radiation and chemotherapy   cause 
massive necrotic death of cancer cells and surrounding tissues, which in turn trigger 
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an infl ammatory reaction. Therapy-induced infl ammation may have tumor-promot-
ing functions [ 39 ,  40 ], or may enhance the cross-presentation of tumor antigens and 
subsequent induction of an anti-tumor immune response [ 41 ]. 

 Cells and molecules of the immune system are a fundamental component of the 
TME. The tumor-infi ltrating immune cells constitute two distinct compartments 
mediating the innate and adaptive immune responses. The  innate immune system      
consists of phagocytes including neutrophils, mast cells/macrophages (CD68 + ), den-
dritic cells (DC), natural killer NK cells (CD56 +  CD3 – ), and NK T cells (CD56 +  CD3 + ), 
and mainly serves as the fi rst-line defense against both foreign pathogens and trans-
formed cells. However, the tumor “reprogramed” innate immune system stimulates 
tumor growth by promoting tumor angiogenesis, invasion, and metastasis; whereas the 
adaptive immune system tends to repress tumor growth. The  adaptive immune system      
is mediated by two major T lymphocyte subsets; cytotoxic T cells (CTL) (CD8 + ) and 
helper T cells (Th) (CD4 + ), and B cells (CD20 + ). The adaptive immune system is the 
second-line defense, acting via antigen-specifi c molecules and requiring clonal expan-
sion following the recognition of foreign antigens. However, in the TME, cancer cells 
often induce an immunosuppressive microenvironment, which favors the development 
of immunosuppressive populations of immune cells, such as myeloid-derived suppres-
sor cells (MDSCs) and regulatory T cells (Treg). Understanding the complexity of 
 immunomodulation   by tumors is important for the development of immunotherapy, 
and among the most promising approaches to activating therapeutic antitumor immu-
nity is the blockade of immune checkpoint pathways [ 42 ]. 

  MDSCs         are a heterogeneous population of immature myeloid progenitors, and 
precursors of macrophages, granulocytes and dendritic cells [ 43 ,  44 ]. In general, 
MDSCs from cancer patients express the common myeloid markers CD33 and 
CD11b, display heterogeneous expression of CD14 (monocytic) and CD15 (granu-
locytic) markers, but lack mature myeloid or lymphoid markers such as HLA-DR 
[ 45 ,  46 ]. Clinical correlation studies in breast, colorectal, pancreatic, esophageal, 
and gastric cancer patients demonstrated that MDSC levels confer an independent 
prognostic factor for survival [ 47 ,  48 ]. Since MDSCs the major regulators of the 
immune response due to their ability to suppress both the cytotoxic activities of natu-
ral killer (NK) and NKT cells, and the adaptive immune response mediated by CD4 +  
and CD8 +  T cells [ 44 ,  49 ,  50 ], this cell type has generated much attention. While the 
mechanism of NK cell inhibition is currently not well understood, multiple path-
ways are responsible for MDSC- mediated T cell suppression including: (1) produc-
tion of Arginase 1 (ARG1), which depletes L-Arginine from the microenvironment, 
and (2) production of nitric oxide synthase 2 (NOS2). Both pathways block transla-
tion of the T cell CD3 zeta chain, inhibit T cell proliferation, and promote T cell 
apoptosis [ 51 ]. Not much is known regarding upstream regulators of these suppres-
sive mediators. However recent studies have demonstrated the importance of  key 
signaling pathways   such as PI3K, Ras, JAK-STAT, and TGFβ—STAT3 signaling 
[ 52 ,  53 ]. In mice, MDSCs have been defi ned as CD11b +  Gr1 +  cells and can be sub-
divided into granulocytic (CD11b +  Ly6G +  Ly6C low ) or monocytic (CD11b +  Ly6G –
 Ly6C hi ) [ 54 ]. The mechanisms by which MDSCs are generated and contribute to 
immune suppression is being exploited for developing anti-MDSC agents [ 55 ]. 
Approaches to inhibit MDSCs include use of phosphodiesterase (PDE) inhibitors, 
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nitroaspirins, synthetic triterpenoids, COX2 inhibitors, ARG1 inhibitors, anti-glycan 
antibodies, CSF-1R antagonists, IL-17 inhibitors, and histamine-based approaches. 
In another approach, MDSCs differentiate by using all-trans retinoic acid (ATRA), 
vitamins A or D3, or IL-12 [ 56 ]. Some  compounds  , such as ATRA, PDE5 inhibitors, 
nitroaspirins (e.g. NCX-4016), or tyrosine kinase inhibitors, are being tested in clini-
cal trials to mediate suppression of MDSCs, and improve the effi cacy of immune 
modulating therapies (immune checkpoint inhibitors or cancer vaccines). Notably, 
pre-clinical evidence suggests that cancer vaccines are more effective in tumor-bear-
ing mice that have been depleted of MDSCs.  

2     TME in Lung Cancer Prognosis 

 Lung cancer is the leading cause of cancer-related deaths worldwide [ 57 ]. Lung can-
cer is generally classifi ed into two histopathological subtypes,  small-cell lung carci-
noma (SCLC)      and  non–small cell lung carcinoma (NSCLC)        . NSCLC accounts for 
80% of all lung malignancies, and the overall 5-year survival of patients with this 
disease remains approximately 15% [ 58 ]. A major research focus in lung cancer has 
been directed to cancer cell intrinsic properties [ 59 – 61 ], which has led to the discovery 
of important driver mutations and the development of targeted therapies, such as the 
receptor tyrosine kinase (RTK) inhibitors gefi tinib/erlotinib (EGFR inhibitors) and 
crizotinib (EML4-ALK inhibitor) [ 62 – 64 ]. However, these treatments benefi t only a 
small proportion (15–20%) of patients harboring these driver mutations, and acquired 
resistance to these therapies presents a major impediment to the effective treatment of 
NSCLC patients with these mutations [ 65 – 67 ]. More recent studies have begun to 
elucidate the prognostic and pathophysiological role of the TME in lung cancer. 

 Many studies have examined the contribution of tumor epithelial molecular mark-
ers for prognosis and guidance of cancer therapy, yet only a few have focused on the 
analysis of the tumor-associated stroma for the identifi cation of prognostic and pre-
dictive markers in cancer therapy. More recent studies have begun to  demonstrate the 
prognostic role of  TME   in cancer with the promise to advance discovery of prognos-
tic and predictive molecular markers for patient management and cancer therapy. For 
example, stromal gene signatures have been shown to predict clinical outcome and 
resistance to therapy in breast cancer [ 68 ,  69 ], and fi broblast- derived transcriptional 
signatures were associated with cancer progression and poor outcome in human 
breast and lung cancer [ 70 ,  71 ]. In patients with stage I NSCLC, the presence of 
CAFs is a poor prognostic indicator typically associated with nodal metastases and a 
higher risk of recurrence [ 72 ]. Interestingly, a specifi c 11-gene expression signature 
in CAFs stratifi ed NSCLC patients into low and high-risk groups, and was associated 
with survival [ 71 ]. Similarly, prognostic gene signatures from bulk NSCLC tissue 
analysis included prominent stromal genes such as glypican 3, ICAM-1, laminin B1, 
L-selectin, P-selectin, and SPARC [ 73 ,  74 ]. High numbers of  circulating endothelial 
cells (CECs)         and high levels of soluble CD146 (sCD146) in the plasma have been 
shown to correlate with poor prognosis and may be useful for the prediction of clini-
cal outcome in patients undergoing surgery for NSCLC [ 75 ]. 
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 Recently, several groups have demonstrated that the immune fraction of the 
TME has prognostic value in lung cancer. Elevated numbers of MDSCs have been 
associated with poor clinical outcomes [ 76 ,  77 ]. Similarly, leukocyte infi ltrates, par-
ticularly increased numbers of neutrophils, were signifi cantly associated with a 
worse outcome in patients with  bronchioalveolar carcinoma   [ 78 – 80 ].  Tumor- 
infi ltrating mature dendritic cells   have been suggested to identify patients with 
early-stage NSCLC who have a high risk of relapse [ 81 ,  82 ]. High density of stro-
mal CD56 +  NK cells was shown to be an independent factor associated with 
improved prognosis in resected NSCLC [ 81 ].  TAMs         are abundant components of 
NSCLC, and clinical data correlating the apoptotic index and/or macrophage densi-
ties and polarization status (M1/M2) with outcome in NSCLC patients has been 
recently reviewed [ 83 ]. The number of macrophages in NSCLC stroma is an inde-
pendent predictor of survival time in NSCLC patients [ 84 ]. Similarly, mast cells 
[ 85 ], cytotoxic T cells [ 86 ], and helper T cells [ 87 ] have been reported as potential 
prognostic factors following resection in patients with NSCLC. Recently, tumor-
infi ltrating FOXP3 +  Treg cells were positively correlated with intratumoral COX-2 
expression and were associated with a worse recurrence-free survival (RFS), espe-
cially among patients with node- negative NSCLC [ 88 ].  Stromal CD99 expression   
has been described as a novel prognostic marker in human NSCLC [ 89 ], and 
humoral immune response immunoglobulin kappa C (IGKC) expression in tumor-
infi ltrating plasma cells was shown to have prognostic value in NSCLC [ 90 ].  

3     TME in Lung Cancer Progression and Metastasis 

 The stroma in NSCLC is heterogeneous, comprised of many different populations 
of cells,  including   bone marrow-derived immune and infl ammatory cells, fi bro-
blasts, and endothelial  cells   (Fig.  1 ). The contribution of these cell types to tumor 
growth is illustrated below.

3.1        Cancer-Associated Fibroblasts (CAFs)         

 As is the case for many solid tumors, the TME of human NSCLC often demonstrates 
signifi cant desmoplasia, which is characterized by stromal changes depicted by the 
presence of activated stromal fi broblasts [ 91 – 93 ]. In addition, several mouse explant 
studies have suggested a pro-tumorigenic role for tumor-derived lung fi broblasts in 
NSCLCs [ 94 – 96 ]. CAFs, which differ morphologically and functionally from nor-
mal fi broblasts (NFs), exhibit similar activities with wound-activated fi broblasts, 
suggesting that the supportive and reparative roles of activated fi broblasts in wound 
healing contribute to the pro-tumorigenic activities of CAFs. The origin of CAFs is 
not clear, yet it is likely that they arise from a reprogramming of tissue resident fi bro-
blasts [ 97 ] as well as differentiate from BM cells recruited to the tumor [ 98 ]. 
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 CAFs have been reported to support tumor progression, metastasis, and chemo-
therapy  resistance by a wide variety of mechanisms, including direct paracrine support 
of cancer cells via the secretion of growth factors, cytokines, and chemokines, through 
pro-angiogenic effects, as well as by remodeling the extracellular matrix [ 99 – 102 ]. 

 A number of different mechanisms have been specifi cally reported for the pro- 
tumorigenic activity of CAFs in NSCLC. A paracrine crosstalk between fi broblasts 
and NSCLC cells involves IL-6 and TGFβ-enhanced EMT and tumor progression 
[ 97 ,  103 ]. Cross-species functional characterization of mouse and human lung 
CAFs identifi ed a secreted gene signature, and functional studies identifi ed impor-
tant roles for cardiotrophin-like cytokine factor 1 (CLCF1)-Ciliary Neurotrophic 
Factor Receptor (CNTFR) and interleukin (IL)-6–IL-6R signaling in promoting 
growth of NSCLCs [ 104 ]. A paracrine network was described, involving Insulin- 
like growth factor-II (IGFII)/IGF1 receptor (IGF1R)-Nanog signaling pathway by 
which CAFs contributed to cancer stem cell enrichment in NSCLC [ 105 ]. 
Importantly, this paracrine signaling predicted overall and relapse-free survival in 
stage I NSCLC patients. Similarly, pulmonary fi broblasts induced EMT and stem 
cell potential in NSCLC [ 106 ]. Fibroblast-derived hepatocyte growth factor (HGF) 
was shown to induce EGFR-tyrosine kinase inhibitor (TKI) resistance in NSCLC 
with EGFR-activating mutations [ 107 ,  108 ]. 

  Fig. 1    Infi ltration of  BM hematopoietic cells   in the adenocarcinoma and matched adjacent lung. 
( a ) H&E staining of lung tissue from an adenocarcinoma patient (×20 magnifi cation). ( b ) 
Representative immunofl uorescence image of tumor and matched adjacent non-neoplastic lung of 
adenocarcinoma patient stained for epithelial cells (EpCAM + ,  red ) and BM-derived hematopoietic 
cells (CD45 + ,  green ). DAPI ( blue ) was used to label cell nuclei       
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 The lack of a  single   pro-tumorigenic activity likely refl ects the heterogeneity of 
CAFs within a tumor. Although there are several markers of CAFs (e.g. α-smooth 
muscle actin (αSMA), fi broblast-activating protein (FAP), and fi broblast-specifi c 
protein (FSP)), no distinct single marker of CAFs exist, and none of the commonly 
used markers for CAFs are unique to CAFs [ 94 ]. Compounding this heterogeneity of 
 CAFs   within a tumor is the heterogeneity of CAFs among different tumors. It is 
likely that specifi c cancer cells require distinct support from CAFs. For example, in 
a recent study, metabolic reprogramming in NSCLC-CAFs was shown to correlate 
with increased glycolytic metabolism of the tumor, indicating tumor-specifi c spe-
cialization of CAFs [ 109 ].  

3.2      Endothelial Cells   

  Endothelial cells   that form the vasculature have key functions in providing nutrients 
and oxygen to the tumor. However, emerging studies have begun to describe 
“angiocrine” regulation as a major endothelial function in cancer [ 110 ]. Vascular 
endothelial cells actively participate in and regulate the infl ammatory response in 
both normal and diseased tissues [ 111 ], and emerging data suggests that endothelial 
cells directly infl uence tumor behavior [ 18 ,  112 ]. In NSCLC, the degree of tumor-
associated angiogenesis correlates with disease progression and predicts unfavorable 
survival outcome [ 113 ]. In particular, high vascularity at the tumor periphery has 
been correlated with tumor progression [ 114 ]. However, high steady state vessel 
density in the lung has imposed challenges in accurate identifi cation and 
quantifi cation of neoangiogenic microvessels in the tumor tissue. Notably, some 
NSCLCs do not display an angiogenic phenotype and these tumors are invasive, 
exploiting the pre-existing alveolar vessels for growth [ 115 ,  116 ]. 

 In a recent study, endothelial-derived angiocrine signals were shown to induce 
regenerative lung alveolarization. Particularly, activation of VEGFR2 and FGFR1 in 
pulmonary capillary endothelial cells induced MMP14 expression that unmasked 
EGF receptor ligands to enhance alveologenesis [ 117 ]. Lung endothelial cells also 
control lung stem cell differentiation, as bone morphogenetic protein 4 (BMP4)-
BMPR1A signaling triggers calcineurin/NFATc1-dependent expression of throm-
bospondin-1 (Tsp-1) in lung endothelial cells to promote alveolar lineage-specifi c 
bronchioalveolar stem cell differentiation [ 118 ]. Using a mouse model of lung  ade-
nocarcinoma  , it was shown that  perlecan  , a component of the ECM, secreted by 
endothelial cells in a paracrine fashion blocked proliferation and invasiveness of 
lung cancer by impacting pro-infl ammatory pathways [ 112 ].  

3.3      Hypoxia   in Lung Cancer 

  Hypoxia   is typically present in solid tumors, like lung cancer, and is known to 
enhance tumor progression and therapy resistance [ 119 ]. The effects of hypoxia are 
largely mediated by the  hypoxia-inducible factors (HIFs)      HIF-1α and HIF-2α, as 
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they activate the transcription of genes implicated in tumor angiogenesis, cell 
survival, and resistance to chemotherapeutic drugs [ 120 ]. The overexpression of 
HIF-1α confers cellular resistance to the EGFR-blocking mAb cetuximab in 
epidermoid carcinoma cells. In addition, knocking down HIF-1α substantially 
restores cellular sensitivity to cetuximab-mediated antitumor activities [ 121 ]. These 
fi ndings suggest that HIF-1α expression is associated with the therapeutic responses 
of cancer cells to EGFR-targeted therapies. More recently, the involvement of 
hypoxia in the resistance to EGFR- TKIs  , such as gefi tinib and erlotinib, in NSCLC 
with an EGFR-sensitive mutation was shown to be mediated by TGFβ [ 122 ]. The 
hypoxic  microenvironment   is an important stem cell niche that promotes the 
persistence of cancer stem cells (CSCs) in tumors. Importantly, hypoxia was shown 
to increase the population of lung CSCs resistant to gefi tinib in EGFR mutation-
positive NSCLC by activating IGF1R [ 123 ].  

3.4     Infl ammation 

 Chronic lung  infl ammation   has been associated with an increased risk of lung can-
cer.  Carcinogens   including asbestos, cigarette smoke, and other pollutants are 
known to cause a chronic infl ammatory state, which in turn promotes tumorigenesis 
[ 20 ]. Moreover, pulmonary disorders such as COPD/emphysema and pulmonary 
fi brosis, which are associated with greater risk for developing lung cancer, are char-
acterized by copious infl ammation [ 124 – 126 ]. It remains unclear whether infl am-
mation affects the incidence of driver oncogenic mutations. However, infl ammation 
has been shown to enhance tumor progression. Lipopolysaccharide ( LPS)        , a potent 
endotoxin eliciting chronic lung infl ammation, signifi cantly increased the risk of 
carcinogen-mediated lung tumorigenesis in mice through K-ras gene activation by 
point mutations [ 127 ]. Recently, it was demonstrated that mucin 1 (MUC1) contrib-
utes to smoking-induced lung cancers that are driven by infl ammatory signals from 
macrophages, and a signaling pathway involving PPAR-γ, ERK, and MUC1 resulted 
in TNFα secretion in macrophages [ 128 ]. 

 Infl ammation has also been described in the generation of lung metastasis from 
 extrapulmonary neoplasms  . Clinical studies suggested a correlation between smok-
ing and an increased risk of lung metastasis in patients with breast cancer [ 129 ,  130 ] 
and esophageal cancer [ 131 ]. In addition, infl ammation caused by smoke inhalation 
in mice was also correlated with increased incidence of lung metastasis [ 132 ]. Data 
on autoimmune arthritis showed that lung infl ammation in arthritic mice, character-
ized by neutrophil and mast cell infi ltration, as well as increase in circulating  levels   
of pro-infl ammatory cytokines, was associated with enhanced lung metastasis [ 133 , 
 134 ]. Recently, several mechanisms explaining the metastasis-promoting effects of 
infl ammation have been elucidated. LPS-induced acute lung infl ammation dramati-
cally increased breast cancer cell metastasis to lung via a ubiquitin/CXCR4- 
dependent mechanism [ 135 ]. Systemic LPS-induced infl ammation led to elevated 
levels of  E-selectin expression   in lung tissue and enhanced lung metastasis of breast 
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cancer cells [ 136 ]. Induction of lung infl ammation by specifi c NF-κB activation in 
airway epithelial cells increased lung metastasis via a macrophage-dependent 
mechanism [ 137 ]. Bladder cancer cells expressing the proteoglycan versican metas-
tasize to the lungs via a mechanism involving increased lung CCL2 chemokine 
expression and macrophage infi ltration [ 138 ]. The recruitment of CCR2 (the recep-
tor for chemokine CCL2)-expressing monocytes/macrophages to the metastatic site 
in response to CCL2 enhances breast tumor metastasis to lungs [ 139 ]. Lewis lung 
carcinoma (LLC)          cells express versican and subsequently activate TLR2: TLR6 
complexes on myeloid cells, inducing TNFα secretion and thus enhancing LLC 
metastatic growth [ 140 ]. Another study showed that CD11 +  Gr1 +  Ly6C high  myeloid 
progenitor cells express versican in the premetastatic lung, leading to stimulation of 
mesenchymal-to-epithelial transition of metastatic tumor cells, increasing cell pro-
liferation and accelerating metastasis [ 8 ]. Furthermore, these pre-metastatic niches 
are characterized by the induction of chemoattractants such as, S100A8, growth 
factors, ECM proteins including fi bronectin, and ECM-modifying proteins like 
lysyl oxidase [ 141 – 144 ], creating a permissive microenvironment for metastasis 
[ 145 ]. Importantly, S100A8/A9 expression in the pre-metastatic niche in turn 
induces expression of serum amyloid A (SAA) 3, which through the Toll-like recep-
tor 4 (TLR4)    leads to the activation of NF-κB signaling and further amplifi cation of 
infl ammatory responses, accelerating lung metastasis [ 146 ].  

3.5     Immune Cells 

 Tumors utilize various mechanisms to evade destruction by the immune system. 
One of the key immunomodulatory mechanisms is via immune checkpoint path-
ways, which play a key role in regulating T-cell responses. Under normal circum-
stances, the immune checkpoints are important to maintain self-tolerance by 
preventing autoimmunity and protecting the tissue from damage when the immune 
system is activated. The expression of immune checkpoint proteins are usually 
exploited by the tumor cells to develop resistance mechanisms. 

3.5.1      T-Cells      

 Tumor-infi ltrating lymphocytes (TILs) are often found in the TME, suggesting an 
immune response against the tumor. Among the TILs, CD8 +  cytotoxic T lympho-
cytes (CTLs) are directly capable of killing tumor cells, whereas CD4 +  T helper 
lymphocytes (Th) are a heterogeneous cytokine-secreting class of T lymphocytes. 
Th1 subtypes activate CTLs, whereas Th2 lymphocytes stimulate humoral immu-
nity. Besides the Th1 and Th2 subsets, the CD4 +  regulatory T lymphocyte (Treg) 
subset suppresses effector T lymphocytes. In cancer, Tregs preferentially traffi c to 
tumors, as a result of chemokines produced by tumor cells and microenvironmental 
macrophages. While active immunotherapy such as adoptive T cell-transfer 

V. Mittal et al.



85

represents one promising therapeutic approach in lung cancer, more recently, 
immune checkpoint blockade has received tremendous attention as a potential ther-
apy in solid tumors including lung cancer. The two major immune checkpoint inhib-
itory pathways involve the programmed cell death-1, PD-1/ PD-L1 pathway and the 
cytotoxic T-lymphocyte antigen-4, CTLA-4 pathway [ 147 ]. PD-1 is a surface recep-
tor  member   of the B7-CD28 superfamily. It is expressed on many cell types, includ-
ing activated T cells, B cells, NK cells, and host tissues. PD-1 binds with its ligand 
PD-L1 (B7-H1, CD274) on antigen presenting cells (APCs), and this interaction 
inhibits downstream NF-κB transcription and downregulates interferon (IFN)-γ 
secretion, resulting in T-cell tolerance.  Similarly  , PD1 can also interact with PD-L2 
on dendritic cells, and PD-L2 also has effective inhibitory activity upon T cells. 
CTLA-4 is expressed on the surface of activated cytotoxic T cells, and it competes 
with the costimulatory molecule CD28 for mutually shared ligands, B7-1 (CD80) or 
B7-2 (CD86), and these interactions inhibit the antitumor activity of T-cells. 

 Recent understanding of the functioning of the immune system and its relation to 
tumor evasion have led to the development of novel agents that have promising 
results in the treatment of NSCLC. These agents include immune checkpoint inhibi-
tors such as anti-PD-1 antibodies (nivolumab and MK-3475), anti-PD-L1 antibody 
(MPDL3280A, MEDI4736), and CTLA-4 inhibitors (tremelimumab and ipilim-
umab), as well as vaccines.  

3.5.2      γδ T Cells   

  γδ T cells   contribute to lymphoid antitumor surveillance and bridge the gap between 
innate and adaptive immunity [ 148 ]. γδ T cells constitute 1%–5% of peripheral 
blood T lymphocytes and recognize phosphoantigens via polymorphic γδ T-cell 
antigen receptors (TCR), and develop strong cytolytic and Th1-like effector 
functions [ 149 ]. Therefore, γδ T cells are attractive candidate effector cells for 
cancer immunotherapy, as they can secrete cytokines abundantly and exert potent 
cytotoxicity against a wide range of cancer cells. Clinical trials have been  conducted   
to evaluate the safety and effi cacy of γδ T-cell-based immunotherapies for non-
Hodgkin’s lymphoma, multiple myeloma, and solid tumors. In lung cancer, the 
therapeutic impact of adoptive immunotherapy with expanded γδ T-cells is being 
assessed [ 150 ,  151 ], and in  one   study, remission of lung metastasis following 
adoptive immunotherapy using activated autologous γδ T-cells in a patient with 
renal cell carcinoma was observed [ 152 ].  

3.5.3     Myeloid-Derived Suppressor  Cells      

 Increase in the number of  MDSCs   induces a strong immunosuppressive activity in 
cancer patients [ 153 – 155 ]. In a mouse model of lung cancer, MDSC depletion 
increased APC activity and augmented the frequency and activity of NK and T cell 
effectors that led to impaired tumor growth, enhanced therapeutic vaccination 
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responses, and conferred immunological memory [ 156 ,  157 ]. Immune suppressive 
MDSCs, defi ned as Lin − HLA-DR − CD33 +  and CD14 − CD11b +  CD33 +  [ 158 ] were 
increased in patients with lung cancer. Analysis of 89 patients with NSCLC showed 
an increase in both frequency and absolute number of MDSCs in the peripheral 
blood and indicated an association with metastasis, response to chemotherapy, and 
progression-free survival [ 159 ].    

4     TME of Premetastatic Niche in the Lung 

 The  lung   is one of the most frequent sites of metastasis from extrapulmonary neo-
plasms including breast and colon cancer. As early as 1889, Steven Paget proposed 
his “seed” and “soil” hypothesis establishing the concept that primary tumors 
metastasize to specifi c organs which harbor a receptive microenvironment [ 160 ]. 
More recently, experimental support for this hypothesis has been provided by stud-
ies showing that primary tumors release specifi c cytokines such as VEGF, SDF-1, 
TGFβ, and TNFα, which systemically initiate premetastatic niches. These premeta-
static niches are characterized by the accumulation of BM-derived cells, and selec-
tive induction of organ-specifi c chemoattractants, growth factors, and ECM-related 
proteins, which provide permissive local microenvironments for recruiting the 
incoming tumor cells, leading to the initiation and establishment of micrometastases 
[ 145 ]. Pioneering studies by Lyden and colleagues have shown that the premeta-
static niche is comprised of BM-derived VEGFR1 +  hematopoietic progenitor cells, 
which express VLA-4 (also known as integrin α4β1), and that tumor-specifi c growth 
factors upregulate fi bronectin, a VLA-4 ligand in resident fi broblasts, suggesting a 
possible mechanism by which the permissive niche recruits incoming tumor cells 
[ 143 ,  161 ]. Similarly, Hiratuska et al. have demonstrated that tumor-secreted factors 
including VEGF-A, TGFβ, and TNFα induce expression of chemoattractants, such 
as S100A8 and S100A9 by lung endothelial cells and Mac1 +  myeloid cells [ 143 , 
 161 ], that facilitate the homing of tumor cells to the premetastatic sites, via induc-
tion of serum amyloid A3 (SAA3). Notably, SAA3 stimulated NF-κB signaling in 
the macrophages via TLR4 and facilitated metastasis [ 146 ], suggesting the thera-
peutic potential of blocking SAA3-TLR4 for the prevention of pulmonary metasta-
sis. Giaccia and colleagues have shown that  lysyl oxidase (LOX)      secreted by 
hypoxic tumors accumulates in the lungs and supports premetastatic niche forma-
tion. LOX remodels ECM by crosslinking collagen IV, which recruits CD11b +  
myeloid cells that cleave collagen by secreting MMP2, enhancing the invasion and 
recruitment of BM cells and metastasizing tumor cells. LOX inhibition prevents 
CD11b +  cell recruitment and metastatic growth. CD11b +  cells and LOX were also 
shown to colocalize in biopsies of human metastases [ 142 ,  162 ,  163 ]. 

 In another mechanism, within the premetastatic niche, fi broblasts expressed peri-
ostin which contributed to cancer stem cell maintenance and expansion through 
Wnt signaling leading to metastasis [ 164 ]. In a similar study, metastatic tumor cells, 
by secreting tenascin C, enhanced stem cell signaling via Notch in the metastatic 
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niche [ 165 ]. In the premetastatic lung, BM-derived myeloid progenitor cells were 
shown to secrete the proteoglycan versican, which induced mesenchymal -to- 
epithelial transition (MET) of disseminated metastatic tumor cells, accelerating 
tumor outgrowth in the lungs [ 8 ,  166 ]. Notably, this tumor outgrowth was facilitated 
by BM-derived endothelial progenitor cells (EPCs), which by initiating the angio-
genic switch resulted in the progression of micro- to macrometastases [ 167 ]. The 
premetastatic niche has become an exciting area of research in the  quest   for novel 
therapeutic and prophylactic strategies against metastasis [ 168 ]. In contrast, a novel 
mechanism was recently described, whereby metastasis-incompetent tumors gener-
ate metastasis-suppressive microenvironments in the lungs by inducing the expres-
sion of a potent antiangiogenic factor,  thrombospondin 1 (Tsp-1)     , in the recruited 
BM-derived myeloid cells [ 169 ]. Tsp-1 induction is mediated by the  activity of 
prosaposin (PSAP), a protein secreted by poorly metastatic cells, which acts sys-
temically to reprogram myeloid cells into metastasis-inhibitory cells [ 169 ].  

5     The Contribution of TME to Therapeutic Resistance 

 A major research focus to determine the mechanisms of therapeutic resistance has 
largely been the analysis of tumor cells, and resistance mechanisms involving second-
ary pathway mutations or bypass  mechanisms   within the tumor cells, such as EGFR 
(T790M) mutations or MET receptor amplifi cation have been identifi ed. Importantly, 
more recent studies have begun to unravel that heterologous cell types within tumors 
can actively infl uence therapeutic response and elicit resistance [ 170 ,  171 ]. 

5.1     Contribution of TME to Resistance to  Radiation Therapy   

 Given that  lung cancer   is one of the leading causes of death from cancer worldwide, 
new and effective treatments are urgently needed [ 172 ,  173 ]. Approximately 70% of 
NSCLC patients receive radiotherapy (RT), either alone or in combination with 
other treatment modalities such as surgery or chemotherapy [ 174 ]. In patients who 
are unable to tolerate surgical resection because of medical co-morbidities, conven-
tional RT is an alternative, but with poor long-term survival of 15–30% and local 
failure of up to 50% [ 175 – 177 ]. Retrospective and nonrandomized prospective data 
suggest that further dose escalation in NSCLC may be associated with better out-
comes [ 178 – 181 ]. Additional improvement of the therapeutic ratio for  NSCLC   will 
likely come from different radiation dosing schedules. However, for patients with 
locally advanced disease, the benefi t of dose escalation beyond 60 Gy has not been 
supported by level I evidence. A recent randomized study by the Radiation Therapy 
Oncology Group (RTOG) in patients with locally advanced NSCLC showed worse 
survival rates for patients receiving 74 Gy versus 60Gy with concurrent chemo-
therapy [ 182 ]. 
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 Accurate delivery of the ionizing radiation (IR) that allows more precise deposi-
tion of dose in the tumor while progressively reducing any unwanted dose to sur-
rounding normal tissues has motivated hypofractionated radiation schedules [ 174 ]. 
 Stereotactic body RT (SBRT)         takes advantage of this favorable dose distribution 
and gained credence recently as a result of phase II studies with promising out-
comes for early-stage medically inoperable NSCLC [ 183 ]. However, lack of patho-
logical confi rmation of primary tumor control, different defi nitions of NSCLC 
control after SBRT, and serious toxicity, particularly for centrally placed tumor, 
raises concerns about the utility of dose escalation [ 184 ,  185 ]. Clinical  factors   can 
explain some of the failures, such as a large tumor and/or advanced tumor stage, but 
many failures still go unexplained, for tumors with apparently similar sizes, stages, 
grades, and delivered doses. 

 It is clear from such clinical considerations and from a wealth of experimental 
research, that biological factors also have a crucial role in determining treatment 
success. The main  biological factors   affecting outcome after RT [ 186 ] include 
intrinsic radioresistance of the tumor cells [ 187 ], the ability of the surviving cells, 
including cancer stem cells, to repopulate [ 188 ], and the extent of hypoxia. 
Sensitizing strategies commonly focus on either targeting intrinsic properties of 
tumor cells or the  vasculature  . Recently, targeting the TME has become an even 
more compelling option to impede tumor progression and augment RT responses 
[ 189 ,  190 ]. For example, the recognition that tumor infi ltration by infl ammatory 
cells and other BM-derived cells contributes to RT responses, particularly tumor 
regrowth, provides a new route to augment RT effi cacy [ 191 ,  192 ]. 

 There is considerable evidence that the microenvironment regulates many tumor 
responses to radiation, thus providing novel routes for manipulating the response to 
radiotherapy [ 193 – 195 ]. Of particular interest is the activity of TGFβ, which is a 
critical signal in cancer and plays a detrimental role to tumor responses to RT. In 
NSCLC, increased TGFβ activity correlates with tumor progression, increased 
tumor growth and angiogenesis [ 196 ]. TGFβ signaling  activation   in TME has been 
identifi ed as a key factor for chemotherapy resistance in NSCLC [ 197 ]. Although 
little is known about how TGFβ modulates the irradiated TME, given its pleiotropic 
roles in NSCLC, TGFβ inhibition may  increase   tumor cell radiosensitivity and shift 
the microenvironment to augment NSCLC response to radiotherapy. TGFβ ligands 
are enriched in the TME, where their production by stromal or tumor cells varies 
according to tumor phenotype [ 198 ]. The use of clinically viable TGFβ inhibitors in 
oncology is motivated by rationales to reduce metastasis, augment existing cancer 
therapies, and to improve tumor vaccines [ 199 ]. TGFβ signaling blockade enhances 
glioblastoma (GBM) response to chemoradiation in preclinical models [ 200 ,  201 ], 
and specifi cally inhibits GBM cancer stem cell renewal in vitro and in vivo [ 202 ]. 

 In addition to a well recognized phenomenon of the impact of TGFβ on tumor-
promoting effects and metastasis [ 203 ], TGFβ mediates an effective DNA damage 
response in epithelial cells via control of ATM kinase activity [ 204 ]. TGFβ activity 
is controlled by production as a latent complex that requires extracellular modifi ca-
tion to initiate ligand binding to ubiquitous receptors; this activation is effi ciently 
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induced by ionizing radiation, in part due to the presence of a  redox sensitive motif   
in the latency associated peptide (reviewed in [ 189 ]). As a consequence, we have 
shown that inhibiting TGFβ promotes clonogenic cell death of mouse and human 
breast cancer and GBM cells in vitro and that systemically neutralizing TGFβ 
enhances RT action in GBM and breast cancer preclinical models [ 205 ,  206 ]. Given 
that radiation-induced TGFβ is also a signifi cant factor in  lung fi brosis  , a late tissue 
toxicity that limits effective tumor control [ 207 ], the application of TGFβ antago-
nists in radiation treatment of NSCLC is clinically viable. 

 Recent preclinical studies support the potential for improving radiotherapy by 
use of TGFβ inhibitors (Du and Barcellos-Hoff, unpublished data). As observed for 
brain and breast tumors [ 205 ,  208 ], most murine and human lung cancer cells were 
sensitized by TGFβ inhibition prior to radiation, as measured by  in vitro clonogenic 
assays  . Using the Lewis lung cancer syngeneic subcutaneous  tumors  , tumor growth 
control was signifi cantly improved by use of TGFβ neutralizing antibodies concur-
rent with single or fractionated radiation treatment. Notably, even though irradiated 
tumors treated with TGFβ  inhibition   were signifi cantly smaller at experiment termi-
nation, hypoxia was higher and vessel density was also signifi cantly more decreased 
than that of non-irradiated, bigger tumors. Martin Brown has shown that hypoxia 
promoted mobilization of CD11b +  monocytes, which secrete the pro-angiogenic 
factor MMP9 into the TME in preclinical GBM, and blockade of this crucial event 
prevents tumor recurrence [ 207 ]. The combined treatment of radiation and TGFβ 
inhibition decreased CD11b + /MMP9 monocytes, suggesting that TGFβ is necessary 
for the recruitment of the CD11b + /MMP9 cells and tumor regrowth. 

 Given that radiation-induced immunity is critical for long term benefi t [ 209 ], we 
also studied the effect of combined treatment of fractionated radiation and TGFβ 
inhibition on the peripheral anti-tumor immune response. Analysis of monocyte 
maturation and activation markers CD11b and F4/80 in tumors suggests that distinct 
BM cells are recruited as a function of  treatment  : the F4/80 +  macrophage population 
is more differentiated, while CD11b +  cells are more immature. TGFβ inhibition 
concurrent with radiation treatment also affects systemic maturation as evidenced 
by analysis of cells from spleens of treated mice. These preliminary data suggest 
that TGFβ inhibition concurrent with fractionated radiation treatment may cooper-
ate in directing both the microenvironment and the immune system towards an anti-
tumor response, which could  lead   not only to better control of primary tumor growth 
but also to abrogation of relapse.  

5.2     Contribution of TME to Resistance to  Antiangiogenic 
Therapies   and  EGFR-TKIs      

 BM-derived cells have also been shown to provide resistance to cancer therapeutics. 
For example, BM-derived Gr1 +  myeloid cells [ 210 ] have been shown to make 
tumors refractory to anti-VEGF treatment [ 211 ], by obviating the necessity for 
VEGF signaling and reinitiating angiogenesis. In another study, administration of 
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vascular disruptive agents (VDA) or chemotherapeutics caused acute hypoxia and 
necrosis in tumors and triggered an accumulation of endothelial progenitor cells at 
the tumor leading edge to reinitiate angiogenesis [ 212 ]. This appears to be an adap-
tive response of the tumor to develop evasive resistance to potent anti-angiogenesis 
therapy. In lung cancer, the tumor-stroma cross talk was implicated in mediating 
resistance to EGFR-TKIs. For example, fi broblast-derived hepatocyte growth factor 
(HGF) was shown to induce EGFR-TKI (gefi tinib) resistance in  NSCLC   with 
EGFR-activating mutations [ 107 ,  108 ].   

6     The TME as a Therapeutic Target in Lung Cancer 

 Lung cancer is a global public health problem with an estimated 1.3 million new 
cases each year [ 213 ]. In the United States, approximately 226,160 new cases of 
lung cancer are diagnosed per year with over 160,000 deaths. Despite advances in 
treatment options, including minimally invasive surgical resection, stereotactic radi-
ation, and novel chemotherapeutic regimens, the 5-year survival rate in NSCLC 
remains at approximately 15%. Available targeted therapies such as  EGFR TKIs   
(erlotinib and gefi tinib) and  EML4-ALK inhibitor   (crizotinib) benefi t only 15–20% 
of NSCLC patients who carry specifi c drug- sensitive mutations. Even in these 
patients, acquired resistance is a major impediment to a durable therapeutic response 
[ 65 – 67 ]. Moreover, a majority of the patients with lung cancer patients do not 
exhibit an actionable molecular aberration. Therefore, traditional standard cytotoxic 
chemotherapies remain the only treatment option for the majority of advanced 
NSCLC patients, and these treatments also usually fail, resulting in an  aggressive 
metastatic relapse  . As such, there is an unmet medical need for the development of 
additional targeted therapies for lung cancer patients. In this context, more recent 
studies have begun to focus on the TME as an unexplored target for drug discovery, 
with an increased interest in evaluating anti- angiogenic, immunomodulatory, and 
anti-infl ammatory agents in the treatment of various  malignancies  , including 
NSCLC [ 214 ] (Table  1 ).

6.1        Antiangiogenic Therapies   in Lung Cancer 

 Drugs that either block tumor vascularization or interfere with the activity of growth 
factor receptors and molecular pathways that are triggered by activation of these 
receptors have already been used in clinical practice [ 215 ].  Bevacizumab     , a human-
ized monoclonal antibody against VEGF, has been approved in many countries for 
use in combination with fi rst-line platinum-based chemotherapy (carboplatin and 
paclitaxel) for the treatment of NSCLC patients with advanced stage disease [ 216 , 
 217 ]. Approvals were based upon an improvement in response rate (RR) and 
progression- free survival (PFS)    observed with the addition of bevacizumab to 
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   Table 1     Stromal therapy   in lung cancer   

 Drug  Type 
 Mode of 
action  Clinical trials  Results 

  CTLA-4 
antibodies  
(Ipilimumab) 

 Immune 
checkpoint 
inhibitor 

 Blocks 
PD-L1 
interaction 
with PD-1 
and allows T 
cells to 
perform 
antitumor 
activities 

 Phase III, NSCLC 
(NCT01285609) 

 PFS 5.7 months for 
ipilimumab + chemo 
vs 4.6 months for 
placebo + chemo 

 Phase III, SCLC 
(NCT01450761) 

   Tremelimumab  Phase II, 
Mesothelioma 

  PD-1 antibodies   Immune 
checkpoint 
inhibitor 

 Blocks 
PD-L1 
interaction 
with PD-1 
and allows T 
cells to 
perform 
antitumor 
activities 

 Phase III, NSCLC 
(NCT01673867) 

   Nivolumab  Squamous cell 
(NCT01642004) 

   MK-3475  Phase III, in 
PD-L1-positive 
NSCLC 
(NCT01905657) 

  PD-L1 antibodies   Immune 
checkpoint 
inhibitor 

 Targets the 
ligand PD-L1 
and allows T 
cells to 
perform 
antitumor 
activities 

 Phase II in 
PD-L1-positive 
NSCLC 
(NCT01846416) 

   MPDL3280A 

   MEDI4736  Phase I NSCLC 
(NCT01693562) 

  VEGF antibody  
Bevacizumab 

 Anti-
angiogenic 
therapy 

 Targets 
VEGF ligand 

 Phase III  PFS and OS positive 
with Carbo/PXL 

  VEGF trap   Anti-
angiogenic 
therapy 
(Soluble decoy 
receptor) 

 Targets 
VEGFA, 
VEGFB and 
PIGF 

 Phase III  PFS positive with 
DXI 

   Afl ibercept  OS negative 

 Endostatin  Anti-
angiogenic 
therapy-natural 
inhibitor of 
angiogenesis 

 Targets 
bFGF, VEGF 

 Phase III, in 
combination with 
chemotherapy 
(NCT00657423) 
 Phase II, in 
combination with 
chemoradiation in 
NSCLC 
(NCT01218594) 

(continued)
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chemotherapy in two large phase III studies, the North American Eastern Cooperative 
Oncology Group (ECOG) 4599 [ 218 ] and the European AVAiL [ 219 ]. The encour-
aging results with bevacizumab has led to approval of Afl ibercept (VEGF Trap), 
which is a recombinant VEGF receptor-antibody protein fusion with affi nity for 
VEGF-A, VEGF-B and placental growth factor (PlGF), which acts as a decoy 
receptor preventing angiogenesis [ 220 ].  Afl ibercept     , has been approved for meta-
static colorectal cancer, and it has been evaluated in second-line therapy of 
NSCLC. A randomized phase III trial of second-line docetaxel with or without 
afl ibercept in platinum-pretreated patients with advanced non-squamous NSCLC 

Table 1 (continued)

 Drug  Type 
 Mode of 
action  Clinical trials  Results 

 Pazopanib  TKI, 
Antiangiogenic 

 Targets 
c-KIT, 
FGFR, 
PDGFR and 
VEGFR 

 Phase II/III in 
NSCLC patients 
who have received 
fi rst line therapy 
(NCT01208064) 
 Phase II in 
Refractory small 
cell lung cancer 
(NCT01253369) 

 Motesanib  TKI, 
Antiangiogenic 

 Targets 
VEGFR-1, 2, 
3, PDGFR, 
RET, kit 

 Phase III  PFS positive with 
Carbo or PXL 
 OS negative 

 Sorafenib  TKI, 
Antiangiogenic 

 Targets, 
VEGFR-2, 3 
and 
PDGFR-b 

 Phase III, 
Advanced NSCLC 
in combination 
with chemo 

 PFS and OS 
negative with chemo 
 Monotherapy 
pending 

 Cediranib  TKI, 
Antiangiogenic 

 Targets 
VEGFR- 1,2, 
3, c-kit, Flt-3 

 Phase III, 
Advanced NSCLC 
in combination 
with chemo 

 PFS pending with 
DXI 
 OS pending with 
DXI 

 Vandetanib  TKI, 
Antiangiogenic 

 Targets 
VEGFR-2, 
VEGFR-3, 
RET, EGFR 

 Phase III, in 
advanced NSCLC 
in combination 
with chemo 
(NCT00312377) 

 PFS positive with 
DXI 
 OS negative with 
DXI 

 Nintedanib  Antiangiogenic  Targets 
VEGFR, 
FGFR, 
PDGFR 

 Phase III ( 
LUME-Lung-1) 

 PFS positive with 
DXI 
 OS not signifi cant 

  References: (1) Hilbe W, Manegold C, Pircher A. Targeting angiogenesis in lung cancer—Pitfalls 
in drug development. Transl Lung Cancer Res 2012;1(2):122-128. (2)   http://www.cancer.gov/
clinicaltrials/results/type/lung     

  DXl  docetaxel,  PXL  paclitaxel,  Carbo  carboplatin,  TKI  tyrosine kinase inhibitor  
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failed its primary endpoint of overall survival, despite higher response rates and 
progression free survival in the experimental arm [ 221 ]. 

 Other promising anti-angiogenic agents include small molecule TKIs targeting 
the VEGF receptor (VEGFR).  Motesanib     , a selective oral inhibitor of VEGF recep-
tors- 1, 2, and 3, platelet-derived growth factor receptor (PDGFR), and c-Kit was 
tested in a randomized phase II trial in combination with carboplatin/paclitaxel as 
frontline therapy for patients with advanced NSCLC, and results showed that RR, 
PFS, and OS were comparable in those patients receiving either motesanib or beva-
cizumab [ 222 ]. However, an international randomized phase III trial with carbopla-
tin/paclitaxel either alone or in combination with motesanib in patients with advanced 
NSCLC showed no improvement in overall survival compared with  placebo; despite 
an improvement in PFS and overall response [ 223 ,  224 ]. Another phase III trial eval-
uated the addition of the multi-kinase inhibitor (including VEGFR2) sorafenib to 
chemotherapy in patients with advanced non-squamous NSCLC. Again, despite a 
slight but statistically signifi cant improvement in PFS, there was no improvement in 
OS, the trial’s primary end-point [ 225 ]. A recently reported phase III trial assigned 
patients with advanced NSCLC who failed fi rst-line therapy to docetaxel with and 
without nintedanib, a multi-angiogenic kinase inhibitor (VEGFR1-3/FGFR1-3/
PDGFR/FLT3).  Nintedanib      in combination with docetaxel was associated with sig-
nifi cant improvement in PFS and OS especially in patients with adenocarcinomas 
[ 226 ]. This is the fi rst and only trial to demonstrate an improvement in OS using a 
targeted agent in the second-line setting. Finally, a phase III placebo-controlled trial 
of carboplatin and paclitaxel with and without the vascular disrupting agent vadi-
mezan (ASA404) as fi rst-line therapy for patients with advanced lung cancer did not 
meet the specifi ed primary and secondary endpoints of OS and PFS [ 227 – 229 ]. 
Results  from   recently completed and ongoing phase III trials will determine if these 
newer antiangiogenic agents will be incorporated into clinical practice [ 230 ].  

6.2      Anti-infl ammatory Therapies      in Lung Cancer 

 Compared to advances with antiangiogenic therapies, success with anti- infl ammatory 
treatments have been less impactful. Previous clinical trials have indicated that 
long-term use of aspirin or other NSAIDs decreases the incidence of colorectal, 
esophageal, breast, lung, and bladder cancers [ 231 ]. While initial studies had 
focused on various broad-spectrum NSAIDs (which non-specifi cally inhibit both 
COX-1 and COX-2), more recent studies have examined COX-2 specifi c agents, 
such as celecoxib [ 125 ].  Signifi cant   pre-clinical and clinical data support the impor-
tance of COX- 2   in the development and progression of NSCLC. Despite this, a 
protective effect of NSAIDs was not observed on lung cancer development in either 
the general or high-risk COPD populations [ 232 ]. Moreover, clinical trials of 
COX-2 inhibition in NSCLC have been disappointing [ 233 ]. The lack of clinical 
benefi t in the Cancer and Leukemia Group B (CALGB) 30203 trial may be that 
COX-2 inhibition would be of value in COX-2-overexpressing tumors, emphasizing 
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the need for a prospective, randomized trial that selects patients for therapy on the 
basis of COX-2 expression [ 234 ]. CALGB 30801 is a randomized phase III double-
blind trial evaluating selective COX-2 inhibition in COX-2-expressing advanced 
NSCLC. However, given the gastrointestinal (GI) toxicity and non-specifi c activity 
of NSAIDs, and the cardiotoxicity of specifi c COX-2 inhibitors, the use of such 
agents continues to remain controversial [ 235 ]. 

 Two recent studies have shed light on the future therapeutic potential of the 
NF-κB-mediated infl ammatory pathway in lung cancer. Logsdon and colleagues 
found that in the presence of oncogenic Ras, infl ammatory stimuli initiate a positive 
feedback loop involving NF-κB that further amplifi es Ras activity to pathological 
levels [ 236 ]. Because a large proportion of lung cancer patients possess Ras muta-
tions, disruption of this positive feedback loop may be an important strategy for 
cancer prevention. In another study, using mouse models of lung cancer, Verma and 
colleagues found that therapies targeting the enzyme IKK2 (involved in infl amma-
tion) and Timp1, which help activate the body’s infl ammatory  response  , may effec-
tively treat certain lung cancers [ 237 ].  

6.3     Immune Checkpoint Inhibitors in Lung  Cancer   

 Utilizing the immune system to eliminate cancer holds great potential, and therefore 
understanding the complexity of immunomodulation by tumors is important for the 
development of  immunotherapy  . A large numbers of different factors have been 
implicated in the inhibition of tumor-specifi c immune responses. These include 
regulatory T cells (Treg), MDSCs, various soluble factors and cytokines, and inhibi-
tory molecules expressed by immune and tumor cells. As such, various strategies are 
being developed to enhance anti-tumor immune responses, including DC-based vac-
cines and antagonists of inhibitory signaling pathways to overcome ‘immune check-
points’. The immune checkpoint pathway is a series of cell-cell interactions that 
inhibit  effector T cells   from being overactive under normal conditions [ 147 ,  238 ]. A 
major arm of the immune checkpoint pathway consists of the T cell surface receptor 
 CTLA-4     .  CTLA-4   is an inhibitory receptor expressed upon activation of a cytotoxic 
T cell, competing with the co- stimulatory receptor CD28 for their shared ligands 
CD80 and CD86 on antigen- presenting cells (APCs) [ 239 ]. Lung cancer can co-opt 
this mechanism to evade immune surveillance by stimulating abnormal expression 
of CTLA-4 on T-cells, leading to T cell anergy. The monoclonal antibodies, treme-
limumab and ipilimumab, which inhibit CTLA-4, are being tested for the treatment 
of lung cancer. Although tremelimumab treatment did not enhance PFS in a phase II 
trial, objective radiological responses in 5% of participants was observed using 
tremelimumab. Ipilimumab treatment, on the other hand, showed slight improve-
ment in immune-related progression-free survival (irPFS) in NSCLC patients when 
administered in a phased manner with platinum- based chemotherapy [ 240 ]. 
Interestingly,  ipilimumab treatment   showed high activity in squamous carcinomas 
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[ 241 ]. These results prompted the phase III trial, testing ipilimumab in squamous 
NSCLC using the phased ipilimumab schedule [ 147 ]. 

  PD-1       pathway   is a major immune checkpoint by which tumors suppress lympho-
cyte function within the TME. PD-1 is a surface receptor on activated T cells, B 
cells, and NK cells. It binds to its ligands PD-L1 and PD- L2   on the surface of APCs 
or dendritic cells, leading to T cell anergy. Cancers can co-opt this pathway and 
aberrantly express PD-L1 on their cell surface, leading to T cell inactivation. It has 
been reported that sarcomatoid and adenocarcinoma subtypes of lung cancer express 
PD-L1, and its expression correlated with poor prognosis [ 242 ,  243 ]. 

 Antibody blockade of PD-1 with its ligands (B7-H1/PD-L1 and B7-DC/PD-L2) 
showed promising activity in several malignancies [ 42 ]. In particular, blocking anti-
bodies against PD-1 and PD-L1 have shown clinical activity in NSCLC [ 244 ,  245 ]. 
 Nivolumab     , a monoclonal antibody targeting PD-1, as been shown to restore cyto-
kine secretion and proliferation of CD8 +  T cells within lung tumors [ 246 ]. A phase I 
trial of Nivolumab showed a response rate of 17% in previously treated patients with 
advanced NSCLC, with responses persisting for a median duration of 17 months 
[ 244 ,  247 ]. As with any type of therapy, a main consideration for the implementation 
of an immunotherapy regimen is toxicity. For instance, Ipilimumab in combination 
with chemotherapy exhibited 14% to 17% higher incidence of all-cause grade 3/4 
adverse events (AE) compared to chemotherapy alone [ 248 ]. Furthermore, a fatal 
side effect that occurs in a small proportion of patients following anti-CTLA-4 anti-
body treatment is hypophysitis, infl ammation of the pituitary gland [ 249 ].  Nivolumab 
treatment   exhibited 9% rate of treatment- related grade 3/4 AE [ 250 ], with three drug-
related deaths due to pneumonitis [ 147 ]. Nivolumab treatment in combination with 
platinum-based chemotherapy yielded an objective response rate of 33% and a grade 
3/4 AE rate of 49% [ 147 ]. A current phase I trial is testing the combination of 
nivolumab with ipilimumab for SCLC [ 147 ]. Another antibody targeting PD-1 is 
MK-3475. A phase I trial in 38 NSCLC patients showed an objective response rate 
of 24%, with a median PFS of 9.7 weeks and median OS of 51 weeks. 53% of 
patients had drug-related AEs, most of which were mild. Another approach to target-
ing the PD-1/PD-L1 pathway is using antibodies that target PD-L1 on cancer cells. 
One such antibody, MPDL3280A, yielded a 23% overall response rate, with only 
11% drug-related grade 3–4 AEs in a phase I trial that included 85 patients with 
NSCLC [ 147 ]. 

 Another avenue  being   explored to block tumor-driven immunosuppression is 
based on NK cell activity.  NK cells   express killer cell immunoglobulin-like recep-
tors (KIRs) that downregulate NK cytotoxic activity, in response to HLA class I 
molecules on target cells. A higher incidence of the suppressive KIR2DL3 and its 
ligand HLA-C2 is observed in NSCLC [ 251 ] leading to reduced NK activity and 
protection of cancer cells from NK-mediated killing. A monoclonal antibody to 
KIR,  Lirilumab   (IPH2102), has demonstrated effi cacy in combination with 
nivolumab in preclinical models. A trial combining nivolumab with lirilumab in 
human solid tumors, including 32 NSCLC patients is being conducted, as well as a 
trial combining  lirilumab   with ipilimumab [ 147 ].  
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6.4     MDSC as a Therapeutic Target in Lung  Cancer   

  MDSCs   have prognostic importance in multiple solid tumors. Emerging data has 
begun to support the utility of circulating MDSCs as a predictive marker for cancer 
immunotherapy and for predicting clinical response to systemic chemotherapy in 
patients with advanced solid tumors [ 252 ]. An increase in the number of MDSCs 
evokes strong immune suppressive activity in cancer patients [ 153 – 155 ], and greatly 
 limits   the effi cacy of immune therapy. In a randomized phase II clinical trial of 
advanced stage SCLC, depletion of MDSCs with ATRA substantially improved the 
immune response to vaccination, suggesting that this approach can be used to 
enhance the effect of immune interventions in cancer [ 253 ]. These studies are 
consistent with the demonstration that targeting MDSCs augments antitumor 
 activity   against lung cancer in mice [ 157 ].   

7     Future Directions 

 Analysis of TME in lung cancer is a relatively new area of investigation. Therefore, 
major efforts are required to identify individual stromal components and unravel 
heterotypic reciprocal crosstalk signaling pathways between the stroma and tumor 
cells in NSCLC. This is a major challenge given the high heterogeneity of genetic 
and epigenetic alterations present in the tumor, differences in host genetic back-
ground, as well as tissue-specifi c responses. Understanding the  cellular and molecu-
lar mechanisms   underlying these processes will provide novel avenues leading to the 
discovery of biomarkers for disease stratifi cation, molecular diagnosis and progno-
sis, and devising therapeutic strategies against lung cancer. Over 10 years ago, it was 
suggested that treatments options for NSCLC other than chemotherapy needed to be 
investigated [ 254 ]. So far, only one phase III clinical trial showed survival benefi t of 
combining an anti-angiogenic agent to standard platinum-based chemotherapy in 
patients with advanced stage NSCLC. Selected groups of patients responded to  anti-
angiogenic therapies   that result in tumor shrinkage and disease stabilization; how-
ever, in aggregate, antiangiogenic therapy has not yet had a major clinical impact in 
most of the trials conducted so far [ 215 ]. Many clinical benefi ts are short-lived; 
while numerous trials have shown an increase in survival of patients treated with 
antiangiogenic therapy, the increase for many has been a matter of months [ 255 ]. 
Several possibilities have been suggested to explain why anti-angiogenic trials have 
not yielded signifi cant benefi t in NSCLC. For example, lack of predictive biomark-
ers continues to be a major hurdle in the selection of adequate patient cohorts that are 
most likely to benefi t. In fact, some studies have alluded to a possible link between 
antiangiogenic therapy and increased metastasis in multiple tumor types [ 256 ,  257 ]. 

  Immunotherapy      has been heralded as a new era of lung cancer therapy. Blocking 
PD1-PDL1 or CTLA-4 immune checkpoints has resulted in striking and durable 
responses, with global overall response rates of 20% to 25% as monotherapy in 
metastatic NSCLC. In order to increase response rates, it has been suggested that 
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identifying patients who might respond to immunotherapy would be particularly 
useful, as correlations between PD-L1 expression and EGFR mutation, and PD-1 
expression and KRAS mutations has been observed (D’Incecco et al. Journal of 
Thoracic Oncology 2014). Notably, activation of the  PD-1 pathway   was shown to 
contribute to immune escape in mutant EGFR-driven lung tumors in mice, and 
blockade of this escape pathway improved survival [ 258 ]. These fi ndings support 
further investigation of anti-PD-L1 or anti-PD-1 agents in combination with various 
targeted therapies, including epigenetic therapy. While immune checkpoint inhibi-
tors such as  ipilimumab   (anti-CTLA-4 antibody) have been approved for the treat-
ment of melanoma, they have yet not been approved for lung cancer. However, 
several classes of new drugs appear to be active in various ongoing clinical trials, 
and their impending approval for use in lung cancer is presumed. At present, several 
new therapeutic agents are being tested in more than 600 clinical trials in patients 
with advanced NSCLC, and based on early phase data exhibiting potential, some of 
these new agents have the capacity to translate to phase III trials, and eventually 
benefi t patients.     
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      Epigenetics in Personalized Management 
of Lung Cancer                     

       Aamir     Ahmad    

    Abstract     In last several years, the focus on the origin and progression of human 
cancers has shifted from genetic to epigenetic regulation, with particular attention 
to methylation and acetylation events that have profound effect on the eventual 
expression of oncogenes and the suppression of tumor suppressors. A few drugs 
targeting these epigenetic changes have already been approved for treatment, albeit 
not for lung cancer. With the recent advances in the push towards personalized 
therapy, questions have been asked about the possible targeting of epigenetic events 
for personalized lung cancer therapy. Some progress has been made but a lot needs 
to be done. In this chapter, a succinct review of these topics is provided.  

  Keywords     Epigenetics   •   Methylation   •   Acetylation   •   DNMT   •   HDAC inhibitors  

1       Introduction 

 Lung cancer is a deadly disease that affects millions of lives worldwide. It is the 
leading cause of cancer-related deaths [ 1 ] and the rate of incidence is only predicted 
to go up in coming decades [ 2 ]. A number of targeted therapies have been evaluated 
to fi ght lung cancer, primarily targeting the various signaling pathways [ 2 ], and the 
results are far from satisfactory. In recent years, epigenetic events have gained atten-
tion based on the many reports that support a crucial role of these events in tumor 
progression. 

 Although the concept of epigenetics was fi rst introduced by Waddington more 
than 70 years back in the year 1939 [ 3 ], it was not until about 30 years back when 
the fi rst connection between epigenetics and cancer was noted in the year 1983 
when lower DNA methylation and 5-methylcytosine levels were observed in human 
tumors, compared to normal tissues [ 4 ,  5 ]. A number of studies have emerged in the 
recent years that advocate the importance of epigenetics in the management of 
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human cancers [ 6 – 9 ]. Epigenetics has been studied in the context of tumor progres-
sion [ 10 ], drug resistance, cancer stem cells (CSCs) [ 11 – 13 ], epithelial- mesenchymal 
transition (EMT) [ 14 ,  15 ] as well as the microRNAs (miRNAs) [ 16 ,  17 ]. There is 
also an indication for the use of nutraceuticals to bring about epigenetic changes, 
leading to improved cancer therapy [ 18 ,  19 ]. A number of studies have focused on 
epigenetics in lung cancer [ 20 – 23 ] which gives us enough information to ponder 
on how to use this information for an effi cient clinical management of lung cancer 
patients. 

 Towards the advancement of personalized therapy, it is important to identify 
gene(s) or a gene signature that may pre-dispose individual patients to poor progno-
sis. For the early stage non-small cell lung cancer (NSCLC) patients, curative sur-
gery is the primary strategy. A majority of these patients with resected cancer do 
well but about 30 % patients exhibit relapse and ultimately succumb to this deadly 
disease [ 24 ]. With this problem in mind, Harris and his coworkers at NCI worked on 
identifying a genetic signature that can help prognosis of NSCLC patients at par-
ticular risk of relapse and progression. In an initial report [ 25 ], four genes—BRCA1, 
HIF1A, DLC1 and XPO1 were identifi ed as the gene signature associated with 
prognosis. The study involved cohorts from different geographical locations—US, 
Japan and Norway. As relevant to discussion on personalized medicine, this work 
suggests that stage I NSCLC patients undergoing curative surgery should further be 
tested for these four genes and, based on the test results, be monitored on a regular 
basis or appropriately recommended for adjuvant chemotherapy. 

 In a follow-up study on the four gene cluster above, a more robust meta-analysis 
was recently reported [ 24 ]. A total of 12 publicly available cohorts were selected for 
the analysis with 1069 stage I lung cancer patients. Geographical locations repre-
sented in this study were—US, Japan, Norway, Sweden, France and South Korea. 
The major fi nding of this analysis was that the patients identifi ed as ‘high risk’, 
based on the expression of four gene signature, had worse overall survival. Since the 
patient cohorts had wide diversity in race and ethnicity, the results seem to be robust 
enough to be applied to almost any populations. One interesting observation from 
this study was that the gene signature was found to be prognostic only for adenocar-
cinoma. When the analysis was extended to squamous cell carcinoma, no prognos-
tic value of this four gene cluster was observed. Regardless, these studies have 
helped identify a cluster of four genes that can help fi ne tune the post-operative 
management of a subset of early stage lung cancer patients which is a critical step 
towards personalized medicine.  

2     Epigenetics: Promises and Challenges 

 A number of concepts  have   emerged in the last decade or so, such as targeting EMT 
or the CSCs or the miRNAs but nothing very concrete has come out with regards to 
targeted therapies. In contrast, epigenetics is blessed to have been evaluated/tar-
geted in clinics through the use of several drugs that effectively target methylation 
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and histone  acetylation   [ 8 ]. Of all the different types of epigenetic changes, 
methylation and acetylation are the ones that have been studied in detail, with the 
aim of pharmacological intervention. Methylation is controlled by methyltransfer-
ases that increase methylation and the demethylases that decrease methylation. 
Acetylation is controlled by acetyl transferases that add acetyl groups (acetylation) 
and the deacetylases that remove acetyl groups (deacetylation). Acetylation gener-
ally leads to activation while deacetylation causes gene silencing [ 26 ]. Inhibitors of 
all these enzymes are being tested as anticancer therapies. This is ironical in a way, 
and exemplifi es our evolving knowledge in the fi eld. For example, inhibitors of 
histone deacetylases (HDACs), also called  HDAC inhibitors  ,    are one class of inhibi-
tors that have gained a lot of attention with regards to their promise in anticancer 
therapy [ 27 – 29 ]. This is based on the concept that acetylation of genes is generally 
associated with reduced metastasis and reduced aggressiveness of cancers, and, 
therefore, deacteylation leads to increased metastasis and aggressiveness. It is thus 
conceived that inhibitors of deacetylases can work as anticancer agents by helping 
increase the acetylation of genes. While this concept has been tested well, through 
HDAC inhibitors such as trichostatin A and suberoylanilide hydroxamic acid 
( SAHA  )   , it is interesting to mention that even the inhibitors of histone acetyltrans-
ferases (HATs), referred to as HAT inhibitors, have been proposed as promising 
anticancer agents [ 30 ,  31 ]. HDAC inhibitor trichostatin A has shown promise 
against small cell lung cancer [ 32 ] while HDAC inhibitors entinostat [ 26 ], CG200745 
[ 33 ] have shown promise against NSCLC. In a study performed in prostate cancer 
model [ 34 ], we reported that HDAC inhibitors induced EMT and also enriched the 
CSC markers. This study indicated that  HDAC   inhibition might actually be counter-
productive and may increase the cancer aggressiveness. While this may provide 
rationale for the mostly disappointing results with  HDAC   inhibitors in clinics, it 
also makes a case for more detailed studies on understanding the precise balance of 
acetylation and deacetylation in human genome. 

 An interesting aspect about epigenetic changes is that these alterations are revers-
ible [ 35 ]. This is in contrast to genetic changes which are not. Being reversible, 
epigenetic changes present unique opportunity as therapeutic targets that can poten-
tially be modulated in clinical settings. A case has also been made for combining 
epigenetic drugs to make a broader impact but this mostly comes at a cost—increased 
toxicity and off-target effects. Studies to combat this are in progress and there are 
early indications that novel drugs with pleiotropic  effects    against   DNMTs and HDACs 
might be the way to go [ 36 ].  

3     Methylation 

 Methylation is one of the better studied  epigenetic event   [ 37 ]. It was the fi rst 
identifi ed epigenetic mark [ 38 ]. In the methylation of DNA, a methyl group is trans-
ferred to the cytosine nucleotide within the DNA. The most vulnerable sites for such 
methylation are the CpG islands i.e. cytosines that are immediately followed by 
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guanines. Increased methylation (hypermethylation) leads to silencing of genes and, 
conversely, reduced methylation (hypomethylation) results in increased expression 
of genes. In a bioinformatics study that aimed to predict lung cancer, methylation of 
CpG islands was found to be the most important feature that infl uenced the predic-
tive power [ 39 ] and methylation of CpG island has been proposed as a biomarker for 
early detection of lung cancers [ 40 ]. As mentioned above, methyltransferases add 
methyl groups while demethylases remove methyl groups. Thus, there is a dynamic 
process in place where methylation and demethylation events are synchronized to 
bring about the silencing and expression of genes, as needed. The main reason 
methylation is connected to gene silencing is because methylation makes genes 
inaccessible to cellular transcriptional machinery. Recently, DNA methylation pat-
terns have been proposed as predictors of breast cancer [ 41 ] which makes it a valid 
assumption that similar predictors might be possible for lung cancer as well. 

 Three  methyltransferases   particularly involved in a bulk of methyl transfers are 
 DNMT1   (DNA MethylTransferase-1), DNMT3A and DNMT3B. These  DNMT  s 
are attractive targets for drugs that affect methylation. A number of DNMT inhibi-
tors are known, and some of them have been approved by FDA for treatment of 
specifi c cancers. Examples are 5-azacytidine and decitabine. EZH2 is another meth-
yltransferase that adds methyl groups to its target histone H3 leading to suppression 
of tumor suppressors, which, in turn, leads to tumor progression and metastasis. 
Consequently, targeting of EZH2 in cancer therapy has been advocated [ 42 – 44 ]. 
 EZH2 expression   has been linked to acquisition of cancer stem cell properties and 
aggressive phenotype [ 45 ], thus validating its targeting for the treatment of human 
cancers. In NSCLC model, inhibition of epigenetic activity of EZH2 has been dem-
onstrated to sensitize BRG1 and EGFR mutant lung cancers to inhibitors of topoi-
somerase II [ 46 ]. KMT1E/SETDB1 is yet another methyltransferase that methylates 
histone H3 and silences several genes. However, in contrast to EZH2, it is a tumor 
suppressor [ 47 ] that inhibits invasive and metastatic potential of lung cancer cells 
when over-expressed, and is signifi cantly down-regulated in highly metastatic lung 
cancer cells. So, right here, we notice a confl ict where one methyltransferase is 
oncogenic while the other one is a tumor-suppressor. EZH2 is comparatively more 
widely studied methyltransferase and we need to wait on more reports on KMT1E/
SETDB1 to be able to make more sense of targeting these particular methyltransfer-
ases for the personalized treatment of lung cancers. 

 In addition to methylation of DNA, epigenetic changes also include methylation 
of histones wherein methyl group is transferred to individual amino acids in the 
 histone proteins  , for example, methylation of lysine 9 or lysine 27 in the histone H3 
leading to H3K9me2/3 and H3K27me3 respectively. These methylations also lead 
to gene repression. There is also evidence of methylation leading to gene activation, 
such as the one seen in H3K4me3 [ 48 ]. While inhibitors of  DNMTs   were the fi rst 
off the block, inhibitors of histone methyltransferases (HMTs) are also now being 
evaluated against many cancers [ 49 ]. 

 Personalized  treatment   of lung cancer patients involving targeting of methyla-
tion, thus, comes across as a valid approach. In a cell line based study [ 50 ] that 
involved generation of highly aggressive lung cancer cells in vivo, a comparison of 
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methylation status of parental vs. the derivative highly metastatic cells revealed 
signifi cant changes in the DNA methylation. Inhibition of  DNMT  , by azacytidine, 
reversed the metastatic phenotype, thus confi rming the important role of DNA 
methylation in the metastatic potential in a lung cancer model.  

4     Hypomethylation 

 As a proof  that   reduced methylation, or ‘hypomethylation’, causes over-expression, 
it has been reported that oncogenic KCNN4’s promoter is hypomethylated and, 
therefore, KCNN4 is over-expressed in aggressive NSCLC cells [ 51 ] which also 
makes it a strong predictor for poor prognosis. Hypomethylation was also found 
prevalent in tumors, compared to adjacent non-malignant lung tissues, in a study that 
looked at lung cancers in non-smokers [ 52 ]. Tumors were found to be typically hypo-
methylated which would suggest over-expression of many oncogenes. Such differen-
tial methylation was particularly concentrated at CpG sites, although non- CpG sites 
were also found to be differentially methylated. ELMO3 (engulfment and cell motil-
ity 3) is another oncogene that was found to be hypomethylated, consistent with its 
over-expression in primary tumors from patients with distant metastases [ 53 ]. As 
suggested by these recent reports, it is evident that a role of reduced methylation, 
leading to induced expression of oncogenes, is increasingly being realized. From the 
perspective of personalized therapy, hypomethylation will need to be countered with 
increased rate of methylation, or the use of inhibitors that can target demethylases. 
This is rather a novel area of research as most of the focus has been on the inhibitors 
of methyltransferases. With the expansion of our knowledge on this subject, it would 
 be   interesting to evaluate fi ndings with inhibitors of demethylases.  

5     Hypermethylation 

  Hypermethylation   is a more widely studied epigenetic event. As discussed by 
Barrow and Michels [ 54 ], there is evidence for hypermethylation of specifi c genes 
that can potentially be used for early diagnosis of lung cancer or for the identifi ca-
tion of individuals at particular high risk. For example, methylation of three genes 
( CDKN2A/p16 ,  DAPK , and  RASSF1A ) in sputum, conferred a signifi cant increase 
in risk (OR > 1.5), particularly in smokers [ 55 ]. To test if such hypermethylation can 
be an early predictive event, analyses of sputum collected 18 or 19–72 months prior 
to diagnosis were performed. In samples collected within 18 months of diagnosis, a 
6.5-fold increase in the risk of lung cancer was observed in individuals with hyper-
methylation of at least three genes from a six-gene panel ( CDKN2A/p16 ,  DAPK , 
 RASSF1A ,  GATA5 ,  MGMT  and  PAX5 β ). However, 36 % controls also had similar 
hypermethylation. In samples collected 19–72 months before diagnosis, hyper-
methylation of just one gene ( CDKN2A/p16 ) conferred an 80 % increased risk of 
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developing cancer. Further, another study  reported   hypermethylation of  CDKN2A/p16  
and  RASSF1A  in only 1 of 18 sputum samples [ 56 ], thus putting a question mark on 
the utility of  CDKN2A/p16  and  RASSF1A  hypermethylation as biomarkers. A meta-
analysis of 18 studies did identify hypermethylation of  CDKN2A/p16  as predictive 
of reduced disease-free survival [ 57 ]. Combined, it is evident that more detailed 
studies are needed to establish a role of hypermethylation of select genes as markers 
for lung cancer. 

 Multiple reports have found a connection between hypermethylation and reduced 
expression/silencing of genes. For example, β-catenin [ 58 ], CDH13 [ 59 ] and 
MARVELD1 [ 60 ] were reported to be epigenetically silenced through hypermeth-
ylation in lung cancers. Liu  et al.  reported hypermethylation of tumor suppressor 
TMEM196 [ 61 ] which was consistent with its reduced expression leading to aggres-
sive lung cancer. Hypermethylation was found in close to two-thirds primary lung 
tumors and correlated with shortened survival, poor differentiation and pathological 
stage. Such hypermethylation of CpG islands has been linked to prognosis in stage 
I lung adenocarcinoma in an independent study [ 62 ]. In another example of 
hypermethylation- mediated suppression, NPTX1 was found to be hypermethylated 
at its promoter in lung cancer cells [ 63 ]. Hypermethylation was also observed in 
neoplastic human  lung   specimens, which correlated negatively with the mRNA lev-
els of NPTX1. The overall survival time was signifi cantly reduced in patients that 
harbored hypermethylated NPTX1. Li  et al.  [ 64 ] found evidence of hypermethyl-
ation of SOX1 in two-thirds of human lung cancer specimens which contrasted with 
increased methylation in just a quarter of adjacent normal lung tissues. As expected, 
methylation inversely correlated with SOX1 expression in NSCLC cells. 
Interestingly, an association between smoking and  promoter   hypermethylation has 
also been observed [ 65 ].  

6     Epigenetics in Drug Resistance of Lung Cancers 

 Resistance to standard  therapies   is a major clinical problem. In recent years, some 
evidence has emerged that establishes a connection between epigenetic events and 
resistance to therapies. As an example, reduced methylation and resulting over- 
expression of MEOX2 correlated with chemoresistance in lung cancer patients [ 66 ]. 
 HDAC   inhibitors SAHA and ST3595 were found to signifi cantly reduce the aggres-
sive phenotype of cisplatin-resistant NSCLC cells A549 and H460 [ 67 ]. This was 
attributed to the ability of HDAC inhibitors to up-regulate tumor suppressor KiSS1. 
In a study that used paired cell lines—parental and doxorubicin resistant lung can-
cer cells A549, a number of epigenetic markers were found to be differentially 
expressed [ 68 ]. These included reduced levels of HDACs, DNMT and acetylated 
histones in the resistant cells, relative to parental cells. Trichostatin A and 5-aza-2′-
deoxycytidine, the epigenetic modifi ers re-sensitized resistant cells to doxorubicin, 
thus validating an important role of epigenetic modifi cations in the acquisition of 
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drug resistance in lung cancer cells. Epigenetic changes can modulate sensitivity to 
docetaxel as well because DNA methylation and resulting suppression of tumor- 
suppressor DKK3 (Dickkopf-related protein 3) has been linked to docetaxel resistance 
in NSCLC cells [ 69 ]. 

 Although these reports are indicative of a role of epigenetic changes in drug 
 resistance, and also point to the possibility of developing a personalized plan for the 
effective reversal of epigenetic changes for the successful ‘re-sensitization’ to 
 available therapies, it is important to note that the information on the subject is still 
evolving and more robust studies need to be planned. This notion is highlighted by a 
recent study that observed no-to-minimal utility of using  epigenetic   drugs as sensiti-
zation agents in different models representing NSCLCs [ 70 ].  

7     Epigenetic Epidemiology 

 Another  interesting   concept that can be exploited in relation to personalized therapy 
of lung cancer is the study of epigenetic epidemiology [ 54 ]. This is a study of cor-
relations between epigenetic variations and the risk of cancer within populations. 
The central concept is that population-wide analyses can help identify epigenetic 
changes that can predict either the onset of particular cancers or even resistance to 
therapies. For example, in lung cancer, tobacco smoke and air pollution are known 
risk factors that can infl uence DNA methylation. There is evidence of hypomethyl-
ation of  F2RL3 ,  AHRR  and two intergenic regions smokers’ blood, compared to 
non-smokers [ 71 ,  72 ].  AHRR  stood out as a gene that signifi cantly hypomethylated. 
It was interesting to note that hypomethylation could be detected in former smokers, 
albeit at a lesser degree, which is suggestive of a possible use of this gene as long- 
term marker of exposure [ 54 ]. Air pollution can also infl uence hypomethylation, as 
evident by hypomethylation of LINE-1 elements in leukocytes when exposed to 
black carbon and PM 2.5  [ 73 ]. Since tobacco smoke and air pollution represent high 
risk factors for lung cancers, understanding how they affect the epigenome will be 
important for early diagnosis of the disease. Such studies with broader populations 
can potentially yield some interesting results but are also prone to inconclusive fi nd-
ings, given the heterogeneity among individuals. They might also not be relevant to 
personalized therapy  just   because of the wider appeal, as opposed to focus on an 
individual patient.  

8     Personalized Epigenetic Therapy: A Reality Check 

 As discussed in  the   preceding sections, we are slowly but surely realizing the big 
impact that epigenetic events seem to have on the onset, progression and outcome 
of lung cancers. However, it is still too premature to imagine a patient on a therapeutic 

Epigenetics in Personalized Management of Lung Cancer



118

path, based on that patient’s individual epigenome. There are many challenges that 
need to be overcome. The fi rst and foremost is the mapping of patient’s epigenome 
and the need to decipher all the unique epigenetic signatures that the patient presents. 
As might be evident from the discussion here, methylation and  acetylation   represent 
two better understood epigenetic events. However, there are several more epigenetic 
events that have although been recognized, such as ubiquitination, phosphorylation, 
sumoylation etc., but not necessarily studied in relatively detail. Many methodolo-
gies are emerging that have enabled high throughput analyses, again mostly focused 
on methylation and acetylation, but they do have associated economic barriers. 
Even when we go beyond this challenge, the next and even more formidable hurdle 
is the lack of targeted therapies to reverse the epigenetic changes for effective 
enforcement of personalized therapy. This is something that will only get better 
with more detailed studies. Clearly this area of cancer research is still in its infancy. 
Data from mostly in vitro studies is emerging with some encouraging validations in 
lung tumor specimens. The missing connection between these preclinical studies 
and the future clinical trials is the lack of appropriate in vivo models, although there 
seems to be some progress on that front too [ 74 ]. In an effort to make targeting of 
epigenetic events a part of personalized therapy, the next few years will be crucial. 
We will hopefully see more mechanism-based studies that will help establish clear 
marker sets that can eventually be tested  as   predictors or biomarkers.  

9     Conclusions and Perspective 

 Enormous advances in last few years, like for example the next-generation DNA 
sequencing have aided in the evaluation of epigenetic events that accompany 
diseases, including cancer. We have seen an exponential increase in the research 
publications on the topic of epigenetics in cancer in recent years. By all indica-
tions, this area of research is not going to slow down. Several epigenetic therapies 
have been approved by FDA [ 75 ] and many more are in the pipeline. These 
advances, particularly in clinical trials, only verify the big potential of epigenetics 
in current cancer research because we clearly do not have a fi nal word on how the 
epigenetic events are fi nely tuned, and, more importantly, how can they be manip-
ulated by therapeutic interventions for the benefi t of patients in clinics. While 
‘modifying’ epigenome, it is important to recognize that epigenetic changes are 
rather global and are inherently associated with off-target effects, and the result-
ing toxicity. A tight regulation of epigenetic events can be achieved by targeting 
epigenetic enzymes to specifi c loci through the use of DNA-binding proteins such 
as zinc fi nger proteins (ZFPs), transcription activator-like effectors (TALEs) and 
clustered regularly interspaced short palindromic repeats (CRISPRs) [ 49 ]. This is 
an interesting concept and results from pre-clinical and clinical studies will be 
eagerly awaited.     
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    Abstract     Cancer is a genetic disease characterized by uncontrolled growth of 
abnormal cells. Over time, somatic mutations accumulate in the cells of an indi-
vidual due to replication errors, chromosome segregation errors, or DNA damage. 
When not caught by traditional mechanisms, these somatic mutations can lead to 
cellular proliferation, the hallmark of cancer. Lung cancer is the leading cause of 
cancer-related mortality in the United States, accounting for approximately 
160,000 deaths annually. Five year survival rates for lung cancer remain low 
(<50 %) for all stages, with even worse prognosis (<15 %) in late stage cases. 
Technological advances, including advances in next-generation sequencing 
(NGS), offer the vision of personalized medicine or precision oncology, wherein 
an individual’s treatment can be based on his or her individual molecular profi le, 
rather than on historical population-based medicine. Towards this end, NGS has 
already been used to identify new biomarker candidates for the early diagnosis of 
lung cancer and is increasingly used to guide personalized treatment decisions. In 
this review we will provide a high-level overview of NGS technology and sum-
marize its application to the diagnosis and treatment of lung cancer. We will also 
describe how NGS can drive advances that bring us closer to precision oncology 
and discuss some of the technical challenges that will need to be overcome in 
order to realize this ultimate goal.  

  Keywords     Next-generation sequencing   •   Cancer   •   Lung cancer   •   Precision oncol-
ogy   •   Personalized medicine  
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1         Introduction 

 Cancer is characterized by uncontrolled growth of abnormal cells. While this fact 
has long been understood based on the presence of tumors in cancer patients, the 
understanding that these abnormal cells are unique at a genetic level has only 
arrived relatively recently [ 1 ]. Cancer is a genetic disease: over time,  somatic 
mutations   accumulate in the cells of an individual, due to replication errors [ 2 ], 
chromosome segregation errors, or DNA damage [ 3 ], and are not caught by tradi-
tional cellular mechanisms. When one of these somatic mutations confers a 
growth or survival advantage to the particular population of cells, by promoting 
cellular division or by inhibiting apoptosis, this clonal population proliferates and 
manifests as cancer. 

 Today more than 13.7 million Americans have a history of cancer. Furthermore, 
cancer is the second most common cause of death in the United States after heart 
disease. In terms of cancer-related mortality,  lung cancer   accounts for approxi-
mately 1.4 million deaths per year worldwide and approximately 160,000 deaths 
per year in the United States [ACS1 & 2]. To put this into perspective, in the US, 
lung cancer deaths account for approximately 27 % of all US cancer deaths 
which is more than colon, prostate and breast cancer deaths combined. For diag-
nosis, lung cancers are classifi ed into two main  histological types  , small cell lung 
cancer ( SCLC  ) and non-small cell lung cancer (NSCLC), that are based on the 
appearance of the neoplastic cells under a microscope. SCLC accounts for 
approximately 15 % of bronchogenic carcinomas while  NSCLC   accounts for the 
remaining 85 % of bronchogenic carcinomas. Regardless of histologic subtype, 
both SCLC and NSCLC have high mortality rates with survival rates that corre-
late directly with the stage of the lung cancer. For example, data from the National 
Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) data-
base, reveals that the 5-year survival rate of NSCLC as a function of stage are 
Stage IA (49 %), Stage IIA (30 %), Stage IIIA (14 %) and Stage IV (1 %). For 
SCLC, the 5-year survival rates based on stage are Stage I (30 %), Stage II 
(19 %), Stage III (8 %) and Stage IV (2 %). 

 The extremely high mortality rate of lung cancers can be attributed to several 
reasons. First, both SCLC and NSCLC tend to be caught at a late stage when treat-
ments are less likely to be effective [ 4 ]. Second, even when caught early, treatments 
for lung cancer have a lower success rate than other cancer types such as breast [ 5 ]. 
Third, and perhaps most critically, the mutation burden of lung cancer patients with 
a history of smoking tends be higher than in patients with “age-related” cancers [ 6 ]. 
This last factor plays a crucial role in oncogenesis because as the number of somatic 
mutations increases, so too does the number of  driver mutations  —those mutations 
that confer a selective advantage to the tumor cell. As a consequence, the probabil-
ity of identifying a single driver mutation with a corresponding single drug appro-
priate for that specifi c mutation is very low for most cancer patients. In the clinical 
scenario of cancers with high mutation burdens due to the accumulation of multiple 
causative or “driver” mutations, clinical oncologists only have a very limited arma-
ment of targeted therapies available to treat cancer patients. 
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 However, with the advent of next-generation sequencing ( NGS  ), the promises of 
early detection and molecularly precise diagnosis for many cancers have given 
patients and clinicians new hope for targeted, personalized treatment and improved 
outcomes. The throughput and cost of NGS has reached the point where a whole 
human genome can be sequenced for less than $1000 [ 7 ] (Fig.  1 ). Targeted assays 
such as whole exome sequencing (WES) or multi-gene panels have become com-
monplace in the clinical research setting, and the performance of these assays com-
bined with their cost are gradually displacing Sanger sequencing [ 8 – 12 ]. In the area 
of lung cancer, NGS has been used to identify promising biomarker candidates for 
early diagnosis, to detect the causative mutations in clinical cases, and to guide 
targeted treatment decisions [ 13 – 17 ].

2        General Applications of NGS 

 At the time of the completion of the fi rst rough draft from the Human Genome 
Project in 2000, the cost to sequence a single human genome was approximately $3 
billion and required years of dedicated work [ 18 ]. Today, genomic sequencing assays 
are ubiquitous in research, and the number of applications of NGS has grown corre-
spondingly. NGS assays can be broadly separated into whether they are seeking to 
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  Fig. 1    The cost of DNA sequencing has decreased faster than Moore’s Law since the introduction 
of NGS technologies. Landmark events are indicated by arrows on the timeline. The cost to 
sequence a full human genome has been driven to $1000 with the introduction of the Illumina 
HiSeqX instrument. Adapted from: MacConaill LE. Existing and emerging technologies for tumor 
genomic profi ling.  Journal of Clinical Oncology , 31(15), 1815–1824 (2013)       
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decipher the genotype or the phenotype of a sample. Genotypic assays—aka DNA 
sequencing—differ as to the level of comprehensiveness they seek, ranging from 
focused assays that target only a handful of genes, to whole exome sequencing 
(WES), which targets the entire set of protein-encoding exons, to whole genome 
sequencing (WGS) (Fig.  2 ). Phenotypic assays comprise a broader spectrum of 
options, refl ective of the fact that phenotype can manifest itself in many ways. 
Phenotypic changes that can be queried with NGS include a variety of epigenetic 
modifi cations of DNA that regulate gene expression and gene expression itself. We 
shall return to discuss some of these phenotypic assays in more detail after fi rst dis-
cussing some of the considerations in selecting DNA sequencing assays.

   WGS, WES, and targeted sequencing broadly fall into the category of  DNA re- 
sequencing  , meaning that DNA is sequenced, and the approaches differ in whether 
an entire genome, exome, or smaller sub-region is sequenced. The sequencing 
assay remains the same irrespective of the targeted area; the targeting process is 
addressed during sample preparation. The key factors in deciding which approach 
to take include: budget, the degree of exploration one wishes to engage in, and 
sample abundance and purity. Because targeted sequencing uses less reagents, 
computer time, data storage, and expert analysis, it is less expensive per sample 
than WGS. Given this, one of the chief benefi ts of targeted sequencing is that it is 
inexpensive enough to permit sequencing with great depth, that is, with many inde-
pendent reads through a given region. By deeply sampling the regions of interest 
as shown in Fig.  3 , one can discover mutations present even in the face of the two 
key sources of signal dilution in a cancer sample: contamination of the tumor spec-
imen with normal cells and clonal heterogeneity. The notion of  heterogeneity   is 
particularly important in a disease such as lung cancer, where the mutation burden 
is high, even compared to other malignancies [ 19 ]. If one’s purpose is simply to 
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  Fig. 2    Clinical NGS assays range from whole genome sequencing (WGS) to whole exome 
sequencing (WES) to targeted sequencing. WGS offers a hypothesis-free approach to identify 
somatic variants across the whole genome, though typical sequencing depth is below 100×. WES 
profi les the protein-coding region of the genome, which enables increased sequencing depth. 
Targeted sequencing assays focus on specifi c genes, regions, or variants in the genome that are 
known to be associated with the condition of interest. Targeted sequencing assays can provide a 
hypothesis-driven approach and allow for extremely high sequencing depth, which in turn improves 
the sensitivity of variant detection       
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determine if a set of samples has mutations in a defi ned set of genes or hotspots 
(e.g., all exons of genes implicated in causing SCLC), then a narrow net can be 
cast, and targeted approaches are appropriate. The primary reason for performing 
was is to be comprehensive.

   The most common phenotypic assay,  RNA-Sequencing (RNA-Seq),   analyzes 
RNA as opposed to DNA. RNA-Seq experiments are used to study the transcrip-
tome of an organism, which, as a necessary intermediate of protein expression, and 
can be linked to phenotype, including disease state.  Bisulfi te sequencing   is an appli-
cation used to study the patterns of cytosine methylation in the genome that con-
trol the transcription of nearby genes to RNA. Similarly, NGS can be used to 
probe other aspects of epigenetic state, including chromatin-bound portions of 
DNA and those bound by particular transcription factors. Thus, like RNA-seq, 
 bisulfi te sequencing   can be used as a readout of biological states linked to disease. 
All of these experimental techniques have been applied towards the understanding 
of lung cancer, with the goal of ultimately improving patient outcomes.  
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  Fig. 3    Targeted sequencing assays allow the user to defi ne custom content related to the condition 
of interest. In the case of lung cancer, a targeted sequencing panel may include specifi c exons of 
the genes  EGFR ,  KRAS ,  NRAS ,  PIK3CA ,  PTEN , and  TP53 . By selectively targeting regions that 
have higher relevance to the condition of interest, the targeted regions can be sequenced to high 
depth, which in turn allows for high sensitivity       
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3        Molecular Profi ling of Lung Cancer 

 Lung cancer has classically been defi ned as either SCLC or NSCLC based on the 
relative size of tumor cells under a microscope. These classes may be further 
subcategorized based on the genetic signatures present in each, especially in 
cases of tobacco-associated lung cancer, where G-to-T transversions in the  TP53  
gene are a robust hallmark [ 20 ,  21 ]. This type of sub-classifi cation points to the 
specifi c pathways involved in tumor progression; as a result, research into these 
pathways has led to breakthroughs in  mutation-guided therapy   for lung cancer. 
Many drugs currently used to treat NSCLC are effective for use only in a subset 
of patients with particular mutations. Treatment with  EGFR  tyrosine kinase 
inhibitors, such as gefi tinib or erlotinib, is used for NSCLC patients who have 
somatic mutations in  EGFR  [ 22 ,  23 ]. Crizotinib treatment, which acts to inhibit 
 ALK  tyrosine kinase, is similarly prescribed for patients with fusions involving 
the  ALK  gene (e.g.,  EML4-ALK ) [ 24 ]. However, these targeted therapies are not 
100 % effective. Recent work has demonstrated that even within the same gene, 
different mutations may have different transcriptional effects [ 25 ], which may 
contribute to this sub-optimal performance. In such cases, it is important to 
understand the entire pathway, as mutations upstream may also be appropriate 
targets for therapy.    

 Other research has focused on identifying those cancers with high metastatic 
potential, with the goal of improving early detection rates for this important sub-
set. This work has successfully employed a range of experimental techniques to 
identify potential biomarkers. Ding, et al. focused on RNA and discovered a 
single nucleotide variant (SNV) within the microRNA miRNA-502 that was 
associated with longer survival in SCLC patients [ 26 ]. Qian et al. performed 
 bisulfi te sequencing      of NSCLC cell lines with low and high metastatic potential, 
and found +58CpG methylation in the latter group, which may affect metastatic 
potential through down- regulation of E-cadherin [ 27 ]. Most recently, Zhao, et al. 
performed WGS and WGS on both tumor tissue and adjacent normal tissue from 
ten patients with Stage I lung cancer. In addition to the well-known  EGFR  muta-
tions, they also identifi ed recurrent somatic variation in  BCHE  and  TP53 , which 
may serve as both biomarkers for early detection and new avenues for targeted 
treatments [ 28 ]. 

    These examples illustrate the relative ease with which discoveries can be 
made in an important disease with the advent of sequencing-based methods. 
Additionally, as  population-scale sequencing projects   become more common-
place and the data from these experiments are made public, it will become eas-
ier for researchers to mine existing data rather than perform additional 
sequencing experiments (e.g., through resources such as the Cancer Genome 
Atlas or Sequence Read Archive). The widespread availability of “big data” 
may lead to the democratizing of medical breakthroughs, and perhaps speed up 
the pace of discovery and innovation.  
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4     Outstanding Technical Challenges 

 While NGS in its various forms have clearly contributed signifi cantly to the under-
standing of cancer, many outstanding issues remain that NGS is currently not able 
to address. Though cancer is a genetic disease, the heterogeneity among the  cells   in 
a single tumor is astounding, making detection of low-level mutations diffi cult 
[ 29 ,  30 ]. Tumors are known to vary in terms of their mutational load; that is, sec-
ondary tumors are not genetically identical to the primary tumor from which they 
originate [ 29 ]. This fact is one possible explanation why the rate of relapse is so 
high in patients whose cancer has metastasized to a secondary location. Traditional 
treatments involve surgery to remove the primary tumor followed by one or more 
rounds of chemotherapy and/or radiation in order to destroy any traces of the cancer 
missed by the surgical extraction. Ideally, the preferred chemotherapy should be 
selected based on the specifi c genetic characteristics of that patient’s cancer. For 
example, if one patient’s cancer is driven by a mutation in  PTEN , the selected 
treatment should not be the same as if his cancer were driven by a mutation in 
 KRAS . In the former case  PTEN  acts as a tumor suppressor, and one possible goal 
of treatment would thus be to activate the corresponding pathway that the mutation 
presumably down- regulated. In the latter case,  KRAS  acts as an oncogene, and the 
goal of treatment would thus be to de-activate the pathway that was up-regulated in 
the cancer cells. While this makes intuitive sense, tumor heterogeneity makes such 
one-size-fi t-all ideas impractical. A primary tumor, through driven by a mutation in 
a tumor suppressor gene, may give rise to secondary tumors, undetectable at the 
time of surgery, that additionally have mutations in one or more oncogenes [ 29 ]. 
Thus  adjuvant chemotherapy   will confer temporary remission, but only until the 
secondary population is detectable by clinical tests. Such circumstances are unfor-
tunately all too common in cancer treatment. 

 Other technical diffi culties persist as well. Because of tumor heterogeneity, some 
authors have recommended sequencing both primary and secondary tumors in order 
to understand the range of somatic mutations present [ 31 – 34 ]. Even in the case of a 
single primary tumor, some authors have proposed sequencing from multiple areas 
[ 35 ,  36 ]. In many cancers, but especially in the case of lung cancer, this requirement 
poses diffi culties as the biopsy is both a painful procedure for the patient and can be 
technically challenging for interventional radiologists to perform based on tumor 
location(s) [ 30 ]. Additionally, requiring continuous  biopsies   in order to monitor the 
effect of treatment is not feasible long-term. One promising alternative to taking 
biopsies and sequencing tumors is to sequence  circulating tumor DNA (ctDNA)   via 
non-invasive blood draws [ 37 ,  38 ]. Though still being evaluated for feasibility, 
ctDNA has the potential to make cancer detection a standard laboratory assay. 

 Another issue relating to the clinical presentation of cancer is the fact that there 
are many disease subtypes that are not currently differentiable to the oncologist. In 
fact, each presentation of cancer in an individual is effectively unique. For example, 
in  colorectal cancer  , two subtypes exist: hypermutated and non-hypermutated. 
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In the former case, the genetic signature is marked by microsatellite instability; in 
the latter case, the genetic signature is differentiated by mutation of the  TP53  and 
 APC  genes. In non-hypermutated colorectal cancer, 60 % of patients have a muta-
tion in  TP53 , while only 20 % of patients with the non-hypermutated form have 
such mutations [ 39 ]. One can envision future work further classifying non- 
hypermutated cancers into fi ner subtypes to guide treatment decisions. Ultimately 
however, this goal of increased granularity must give way to the view of cancer as 
an individual disease rather than as a disease to be treated based on population-level 
patterns and outcome statistics. 

 To eventually reach this goal, and also because of genetic heterogeneity, research-
ers are required to sequence a large number of samples in order to identify muta-
tions that are of lower frequency in the general population [ 40 ]. The requisite 
number is magnifi ed when one considers that the manifestation of subtypes may 
vary signifi cantly based on population. For example, activating mutations of EGFR 
in NSLC tumors, have been found to be approximately tenfold higher in a Japanese 
NSLC population compared to a US population, which is consistent with previously 
observed population differences in response to EGFR inhibitors [ 22 ]. Thus, when 
performing genomic analysis for the purpose of biomarker  discovery  , it can be 
important to sample different populations to ensure that fi ndings are broadly appli-
cable. Accessing a large number of samples for research purposes is also hampered 
by basic sample collection diffi culties, especially in the case of lung cancer, where 
the tumor is not easily accessible for biopsy, and the biopsy process itself is diffi cult 
and painful for the patient. It is clearly preferable to avoid multiple biopsies, but for 
the purposes of research, it is of extreme importance to understand the manner in 
which a tumor population changes over time and based on treatment. It would there-
fore be preferable for researchers to have access to a “liquid biopsy” based on blood, 
urine, or saliva, assuming that the tumor signature was detectable from such sources. 
Currently however, limitations in our knowledge of the stability and predictive 
value of circulating nucleic acids restricts their widespread use, though a large 
amount of work is being performed to reach this goal [ 41 – 44 ].  

5     Outstanding  Bioinformatics Challenges   

 All of the outstanding challenges listed above represent facets of the presentation of 
cancer that make its study diffi cult from a practical point of view; however, they also 
represent hurdles for the analysis of genetic data in general, specifi cally from the 
standpoint of downstream bioinformatics. When reviewing NGS data, tumor hetero-
geneity manifests itself as low-level somatic variants that are seen in only a small 
number of sequencing reads. For rare variants, identifi cation may be diffi cult or 
impossible because they may not be differentiable from errors due to instrument noise 
[ 45 ]. For example, if the genome is sequenced to a mean depth of 100, then a variant 
present at a level of 1 % would be expected to appear in only one read. Currently, 
sequencing accuracy is very high, generally reported at 99.9 % or above for the majority 
of bases [ 46 ]. However, this implies that one base per thousand sequenced will be in 
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error. At a depth of 100, this means that 300 billion bases will be sequenced across the 
genome, and therefore, that one in ten positions (or 300 million bases across the 
genome) will have a single read reporting an alternate base. Clearly, a cancer signature 
does not encompass 300 million sites, so a 1 % somatic frequency is effectively impos-
sible to differentiate from noise. By contrast, a 5 % somatic frequency is much more 
unique, and setting such a threshold (or increasing sequencing depth) would reduce 
the number of false positive calls  substantially  . 

 A related bioinformatics challenge is the identifi cation of variants beyond the 
well-studied SNVs and small indels. Complex variant types such as copy number 
variants (CNVs; loss or gain of one or more copies of a region of the genome), 
structural variants (SVs; include duplications, inversions, and translocations), and 
epigenetic variations all pose diffi culties in detection and are therefore associated 
with higher error rates [ 47 – 51 ]. Both CNVs and SVs are more diffi cult to detect 
using the current generation of variant callers. In the case of CNVs, the variant will 
manifest as slightly higher or lower coverage on average in the particular CNV 
region compared to the remainder of the genome [ 48 ]. In the case of SVs, one read 
of a paired-end sequencing experiment will align to one part of the genome, and the 
other read will align to a different part of the genome [ 50 ]. 

 Regardless of the variant type, once a set of variants is identifi ed from a cancer 
sample, a further challenge is to classify each as driver vs. passenger [ 31 ,  34 ]. 
Current methods that are utilized in the clinical research setting for such classifi ca-
tion are generally based on calculation of risk scores, such as SIFT or PolyPhen [ 52 ,  53 ]; 
determination of the protein coding effect of each mutation, either sense, missense, 
or nonsense; or identifi cation within a relevant database, such as dbSNP, COSMIC, 
OMIM, or HapMap [ 54 – 57 ].    All of these methods are largely qualitative in nature, 
and the result of such methods is not a fi nal classifi cation of each variant, but rather 
a ranking of the identifi ed variants according to likelihood of pathogenicity. Some 
pipelines endeavor to identify drivers vs. passengers at the gene level rather than at 
the variant level, with the rationale that many variants within a single gene are more 
likely to affect its function and are thus related to cancer progression [ 19 ,  58 – 60 ]. 
Many studies have been published across cancer types that identify risk genes rather 
than specifi c variants; however, more recently, prominent groups have raised con-
cern with this method, since as sample size increases, the signifi cant results bal-
loons and is dominated by false positives [ 19 ]. After noting many published studies 
that implausibly identifi ed olfactory receptors as risk genes for a wide range of 
cancers, Lawrence, et al. developed MutSigCV, which accounts for the mutational 
heterogeneity of cancer when evaluating candidate genes [ 19 ]. Related tools to 
identify driver variants and genes have been developed by other groups and are 
well-summarized by Gonzalez-Perez et al. [ 61 ].  

6     Present and Future of NGS-Based Cancer Assays 

 Perhaps some of the most serious challenges to the realization of  personalized med-
icine   are not technical, but rather those related to institutional adoption and barriers 
related to the workfl ow in the practice of medicine. Until NGS-based assays and 
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WGS are reimbursed by insurance carriers, the hurdle to widespread adoption is 
impossibly high. Even after a majority of carriers and providers adopt this technol-
ogy, incorporation of NGS results into a patient’s EHR is a daunting proposition 
[ 62 – 66 ]. In a review of six CSER sites that are incorporating WGS and WES 
into the EHR, Tarczy-Hornoch et al. reported that development across sites was 
independent and non-standardized [ 67 ].  Workfl ows   varied widely, and in all cases, 
the fi nal output was a human-readable, PDF report that was attached to the EHR, 
with only three sites additionally providing a machine-readable version of identifi ed 
variants. Progress in  institutional implementation   is generally much slower than the 
pace of development, so it is important that this issue is addressed quickly and col-
laboratively by healthcare networks and EHR vendors [ 62 ], ideally with input from 
the NGS community. 

 Though challenges exist, NGS in clinical oncology has already achieved more 
than most could have predicted.  WGS   is now part of the physician-patient dis-
cussion when evaluating options around cancer treatment, a state that was 
unimaginable even a few years ago. NGS has the potential to transform all 
aspects of cancer treatment: detection, treatment decision, and various monitor-
ing aspects. As more biomarkers are associated with specifi c forms of cancer and 
therapies, it will be easier to design targeted assays that effectively act as “cancer 
screens” and can be applied quickly and cheaply to an entire at-risk population, 
comparable to today’s blood panel tests. Notably, as the cost of WGS decreases, 
it will be most effective to sequence the entire genome, and then bioinformati-
cally report only those variants or genes requested by the treating physician, 
perhaps with guidance from medical standards setting organizations. Such a non-
invasive, broad screening option will increase the rate of early detection across 
all cancer types, ideally allowing treatments to begin prior to metastasis. Those 
treatments will also be guided by the results from WGS. As described above, 
chemotherapy tailored to an individual’s mutational spectrum will have a much 
greater success rate than a general therapy that may not target the specifi c driver 
mutations of that individual. After a treatment option is chosen, NGS methods 
can be used to monitor the effi cacy of that treatment over a specifi c period of 
time. For example, if a patient’s lung cancer is shown to be dominated by a 
specifi c mutation in  EGFR , then regular targeted screenings for this variant can 
show the success or failure of the chosen treatment in near to real-time. 

 If the promise of ctDNA bears out, a ctDNA-based NGS-assay following sur-
gery will perhaps be used to identify whether the surgery was successful in remov-
ing the entirety of the tumor. The half-life of circulating DNA in the blood is less 
than half an hour [ 68 ], meaning that within 4 h of surgery, less than 1 % of ctDNA 
would remain in the blood if the surgery were successful. Thus, if the assay were 
administered one day following surgery and was able to detect any level of the 
variant in question, it would indicate that the surgical procedure was not com-
plete. Similar screens administered quarterly will also serve as the best option for 
monitoring recurrence. Even today, with  ctDNA methods   in their infancy, NGS 
assays have been shown to be more sensitive compared to traditional imaging 
technologies used to monitor recurrence [ 38 ]. Eventually, NGS-based option will 
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become the norm across the entire spectrum of cancer-related clinical procedures. 
The hope is that this will allow cancer to be considered a chronic disease; that is, 
a condition to be monitored and managed, rather than as a serious, acute condition 
as it is considered today.  

7     Conclusion 

 We have presented a broad overview of the inroads that NGS has made and contin-
ues to make in the fi eld of oncology, specifi cally lung cancer. Though we are only 
at the beginning of the era of  personalized medicine  , NGS is a powerful technology 
that has the potential to make even more major contributions to this fi eld in terms of 
biological understanding and clinical treatments. Several other aspects unique to 
NGS, especially in terms of clinical applications, have not been discussed here, 
specifi cally, legal and ethical implications of incidental fi ndings, the evolving con-
cept of privacy in the context of inherited conditions, and general considerations 
related to the size of NGS data and its storage when WGS testing becomes routine. 
For a thorough discussion of these topics, we refer to Jackson et al. [ 69 ], Presidential 
Commission et al. [ 70 ], and Ury [ 65 ], respectively.     
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      Nanomedicine for Treatment of Lung Cancer                     

       Sajid     Hussain     

    Abstract     Lung cancer is the second most common cancer and the primary cause of 
cancer-related death in both men and women in the United States and rest of the 
world. Due to diagnosis at an advanced stage, it is associated with a high mortality 
in a majority of patients. In recent years, enormous advances have occurred in the 
development and application of nanotechnology in the detection, diagnosis, and 
therapy of cancer. This progress has led to the development of the emerging fi eld of 
“cancer nanomedicine.” Nanoparticle-based therapeutic systems have gained 
immense popularity due to their bioavailability,  in vivo  stability, intestinal absorp-
tion, solubility, sustained and targeted delivery, and therapeutic effectiveness of 
several anticancer agents. Currently, a plethora of nanocarrier formulations are 
 utilized including lipid-based, polymeric and branched polymeric, metal-based, 
magnetic, and mesoporous silica. In lung cancer, nanoparticle-based therapeutics is 
paving the way in the diagnosis, imaging, screening, and treatment of primary and 
metastatic tumors. The application and expansion of novel nanocarriers for drug 
delivery is an exciting and challenging research fi led, in particular for the delivery 
of emerging cancer therapies. Some of the current progress and challenges in 
nanoparticle-based drug delivery systems for lung cancer treatment are discussed.  

  Keywords     Nanoparticle   •   Drug delivery   •   Polymer conjugates   •   Therapy   •   Lung 
cancer  
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  MSNs    Mesoporous silica nanoparticles   
  MTD    Maximum tolerated dose   
  MTX    Methotrexate   
  NSCLC    Non-small-cell lung carcinoma   
  PCL    Poly (ε-caprolactone)   
  PEG    Polyethylene glycol   
  PLA    Poly( D , L -lactic acid)   
  PLGA    Poly( D , L -lactic-co-glycolic acid)   
  PTX    Paclitaxel   
  RES    Reticuloendothelial system   
  SAR    Structure-activity relationship   
  SCLC    Small-cell lung carcinoma   
  SPIO    Superparamagnetic iron oxide   

1         Background 

  Lung cancer   is the second most common cancer in both men and women worldwide. 
It accounts for about 14 % of all new cancers with a dismal 5-year survival rate of only 
15 % [ 1 ]. Recent data suggests that lung cancer is likely to overtake breast cancer as 
the main cause of cancer death among European women by the middle of this decade 
[ 2 ]. According to The  American Cancer Society  , an estimated 220,000 new cases of 
lung cancer has been diagnosed in the United States in 2013 (118,080 in men and 
110,110 in women) of which 85 % of the cases are classifi ed as  non-small-cell lung 
carcinoma (NSCLC)      [ 1 ], while the remaining cases are diagnosed as  small-cell lung 
carcinoma (SCLC)     . Genetic and environmental factors, as well as their interaction, 
infl uence the risk of developing lung cancer. Although smoking is the main cause of 
lung cancer, risk also is increased by exposure to secondhand smoke; environmental 
exposures, such as radon, workplace toxins (e.g., asbestos, arsenic), and air pollution. 
Recent data suggest that the  hazard ratios   for lung cancer mortality are staggering: 
17.8 for female smokers and 14.6 for male smokers [ 3 ]. 

 Depending on the type of malignancy and stage at the time of  diagnosis  , lung 
cancer treatment often involves a combination of surgery, chemotherapy, and/or 
radiation therapy. However, due to the defi ciency in early-stage diagnostics, most 
lung cancers are only detected at advanced stages, with local tumor invasion or 
distant metastasis and are not suitable for surgery. Therefore, a systemic chemo-
therapy treatment modality that addresses the majority of lung cancers is currently 
the mainstay of advanced lung cancer treatment regimens, aimed at extending sur-
vival and improving quality of life [ 3 ] .  Standard fi rst-line chemotherapy regimens 
for lung cancer include platinum-based drugs such as cisplatin and carboplatin. 
However,  platinum-based chemotherapy   is riddled with dose-limiting side effects 
including nephro- and cardiotoxicity, anemia, intestinal injury, and peripheral 
neuropathy as well as less serious symptoms of uneasiness, nausea, and fatigue [ 4 ]. 
To mitigate many of these untoward effects, platinum drugs are used in combination 
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with other anticancer agents resulting in increased therapeutic effectiveness and 
reduced dosage of each individual drug required to produce an observable therapeutic 
response. The recommended treatment for patients with advanced NSCLCs involves 
systemic platinum-based chemotherapy (e.g., cisplatin, oxaliplatin) combined with 
taxens (such as Paclitaxel or Docetaxel) or  Gemcitabine   [ 5 ]. However, the main 
problem associated with current therapies is their low effi cacy due to unspecifi c toxic-
ity to normal tissues, which precludes the use of curative doses. Additionally, the 
hydrophobic nature of the majority of the cancer chemotherapeutics makes them 
poorly water soluble and therefore limits their administration at high doses [ 6 ]. Thus, 
the unmet medical need is for more effective anticancer agents, especially for strate-
gies that focus toxicity to tumor cells and away from normal tissues. This has led to 
development of methods to improve tumor-targeted delivery of chemotherapeutics 
that will result in increased drug effi cacy with improved pharmacological properties 
and minimal toxicity to normal tissues remain a priority in cancer therapy.  

2     Nanoparticle Drug Delivery for Lung Cancer Therapy 

 One highly effi cient way of delivering drugs to diseased sites is encapsulation of 
anticancer agents in  nanocarriers  . The major clinical advantage of nanocarrier- based 
strategies over free drugs is specifi c delivery of large amounts of chemotherapeutic 
agents by favorably altering their pharmacokinetic properties, resulting in increased 
tumor localization, improved antitumor effects, and decreased nonspecifi c toxicities 
[ 7 – 9 ]. In recent years, various nanoparticle formulations including liposomes and 
polymers, which are designed to effi ciently deliver anticancer drugs and nucleic 
acids such as DNA & siRNA to metastatic lung cells and bear the potential to become 
candidates for the next-generation therapy for advanced-stage lung cancer [ 10 ,  11 ]. 
Typically, nanocarrier-based approaches include a carrier, a targeting moiety that is 
bound to the carrier via specifi c conjugation chemistry, and a drug. Carriers may be 
composed of lipids, polymeric nanoparticles, inorganic nanoparticles, or dendrimers. 
Targeting moieties may include high affi nity ligands, antibodies and nucleic acids, 
and they may be conjugated to the carriers utilizing a variety of chemistries. 

2.1     Lipid-Based  Nanoparticles   

 The major classes of lipid-based nanoparticles for drug delivery applications are 
 liposomes and micelles  .  Liposomes   are vesicles composed of a phospholipid bilayer 
commonly used to deliver chemotherapeutic drugs.  Hydrophobic agents   are incor-
porated in the lipid bilayer and hydrophilic drugs are encapsulated in the inner aque-
ous core. The physical structure of lipid-based nanocarriers primarily defi ned by its 
 phospholipids composition  , which determines the chemophysical features, such as 
size, shape, curvature, and charge [ 12 ]. Varying the lipid compositions and reducing 
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the number of lipid bilayers changes the surface charge, reduces the size of the 
liposomes to nanometer scale with the aim to prolong their  in vivo  circulation time 
and enhance tumor localization. Lipid-based nanocarriers have become a favorable 
platform for delivery of anticancer drugs mainly due to their non-toxic, biodegrad-
able, and biocompatible nature [ 10 ,  13 ]. Particularly promising are liposomes con-
taining surface-grafted lipid derivatives conjugated  with    polyethylene glycol (PEG )       
[ 8 ,  14 ] .  These sterically stabilized liposomes (also called “Stealth”  liposomes  )    have 
long circulation times in the blood as a consequence of reduced uptake by the  retic-
uloendothelial system (RES)         [ 7 ,  9 ]. A variety of chemotherapeutic  agents  , such as 
doxorubicin and vincristine, have been encapsulated in PEGylated liposomes and 
validated in preclinical models  in vitro  and  in vivo  [ 8 ,  15 – 17 ]. PEGylated liposomes 
achieve a higher drug load in tumors due to a passive targeting process, which 
exploits the “enhanced permeability and retention effect” (EPR)         , resulting from 
increased vascular permeability inherent to many solid tumors [ 14 ,  18 ].  PEGylated 
liposomal doxorubicin (Doxil/Caelyx)   has been approved for use in acquired  immu-
nodefi ciency syndrome     –related  Kaposi’s sarcoma     , and refractory ovarian and breast 
cancers, and several other liposomal anticancer agents are currently under clinical 
investigation (  http://clinicaltrials.gov    ). 

 Lipid-based nanoparticles represent a promising delivery system for drugs and 
genes for the treatment of lung cancer. For the last two decades,  cisplatin      is the drug 
of choice for the treatment of NSCLC. Furthermore, only three platinates—cispla-
tin, carboplatin, and oxaliplatin— have been successfully used in the clinics [ 19 ]. 
However, cisplatin is implicated in the development of nephrotoxicity in 20 % of 
patients receiving high doses [ 4 ] . In order to reduce the systemic toxicity of cispla-
tin and improve therapeutic effi cacy,  Lipoplatin     , a liposomally encapsulated cispla-
tin was developed for various cancer indications, including non-small cell lung 
cancer and pancreatic cancer [ 20 ]. Furthermore, these researchers also demon-
strated Lipoplatin exceed the size cutoff for clearance by the kidney [ 21 ] and there-
fore exhibited limited cisplatin-associated nephrotoxicity compared to standard 
therapy [ 22 ] .  Exciting and promising data were announced from a randomized 
Phase III study on Lipoplatin™ in the treatment of non-squamous non-small cell 
lung cancer (NSCLC)   . This study used Lipoplatin in combination with paclitaxel as 
fi rst line treatment against non-squamous NSCLC and compared response rates and 
toxicities to a similar group of patients treated with cisplatin plus paclitaxel. This 
study has demonstrated statistically signifi cant increase in tumor response rate in 
the Lipoplatin arm (59.22 %) versus the cisplatin arm (42.42 %) while also reducing 
most major toxicities of cisplatin, especially nephrotoxicity [ 22 ]. 

  Taxanes      are another class of the most widely used anticancer drugs [ 23 ]. However, 
the hydrophobic structure of a typical taxane molecule such as paclitaxel (PTX), a 
diterpenoid centered around a bulky and fused taxane ring with multiple hydropho-
bic substitutions limits its solubility. Historically, it was formulated using Cremophor 
EL to enhance its solubility in physiological fl uids. However, this resulted in hyper-
sensitivity reactions and associated with serious side effects complicating its 
systemic delivery and effi cacy [ 24 ]. In order to circumvent this problem, liposomal-
paclitaxel formulations were developed to enhance therapeutic effi cacy. It has been 
demonstrated in both pre-clinical animal models and human clinical trials that 
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liposomal-paclitaxel formulations signifi cantly increase a maximum tolerated dose 
(MTD) of PTX which outperform that for Taxol ® .  Liposomal PTX formulations   are in 
various stages of clinical trials. LEP-ETU (NeoPharm) and EndoTAG ® -1 (Medigene) 
have reached the phase II of the clinical trials. Lipusu ®  (Luye Pharma Group) has 
already been commercialized [ 25 ] in China. In 2010, a phase I clinical trial in China 
assessing liposomal paclitaxel in combination with cisplatin as fi rst-line chemotherapy 
for patients with advanced NSCLC with regional lymph-node metastasis [ 26 ]. 

 Another class of lipid-based nanoparticles are micelles which are self-assemblies 
of block copolymers that have gained increasing popularity as tumor-targetable 
nanocarriers since they were fi rst used as drug vehicles in the late 1980s [ 27 – 29 ]. 
These micelles, which are several tens of nanometers in size and have a  characteristic   
core shell structure consisting of a drug-loaded hydrophobic core and poly(ethylene 
glycol) (PEG) hydrophilic shell, are long-lived in the bloodstream and effectively 
accumulate in solid tumors after intravenous injection [ 30 ]. The critical features of 
 polymeric micelles   for their function as drug vehicles, including size, drug loading 
and release, and specifi c binding to the target cells, can be modulated by engineering 
the constituent block copolymers. At present, micelle formulations incorporating 
doxorubicin, paclitaxel, SN-38, cisplatin, and (1,2-diaminocyclohexane) platinum(II) 
(DACHPt) are undergoing clinical trials [ 30 ] and four of these have advanced to 
Phase II studies [ 31 ,  32 ]. These clinical studies have revealed that polymeric micelles 
reduce side effects from the incorporated drugs and are effective against various 
intractable tumors, such as lung cancer and triple-negative breast cancers [ 33 ], indi-
cating their clinical potential. 

 Recently, increasing attention has also been paid to another potentially useful 
property of nanocarriers to achieve subcellular drug targeting [ 30 ].  Subcellular drug 
targeting   of nanomedicine could enhance the pharmacological activity of the loaded 
drugs through improved subcellular drug distribution [ 34 ]. Drug vehicles designed to 
release active drugs in  acidic organelles  , such as the endosome and lysosome, can 
circumvent recognition by the drug effl ux pump (for example, P-glycoprotein)    
through internalization by endocytosis, thus overcoming multidrug resistance in can-
cer cells [ 35 ,  36 ]. This approach is particularly appealing for platinum agents such as 
cisplatin and oxaliplatin which can be engineered by harnessing a structure- activity 
relationship (SAR). Employing such a strategy, a novel nanoplatinate was designed 
inspired by the mechanisms underlying  cisplatin bioactivation  . This novel lipid-based 
platinum (Pt) complex self-assembled into a nanoparticle, which releases cisplatin in 
a pH-dependent manner. The nanoparticles exhibited signifi cantly improved antitu-
mor  effi cacy   in terms of tumor growth delay in breast and lung cancers, and resulted 
in reduced systemic and nephrotoxicity [ 37 ].  

2.2      Polymer Conjugates   as  Nanocarriers   

 Polymeric nanoparticles are synthesized from polymers. Polymer-based nanomedi-
cine, an arena that entails the use of polymeric NPs, polymer micelles, dendrimers, 
polymersomes, polyplexes, polymer–lipid hybrid systems, and polymer–drug/protein 
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conjugates for improvement in effi cacy of cancer therapeutics, has been widely 
explored.  Biodegradable polymers   such as poly( D , L -lactic acid) (PLA), poly( D , L - 
lactic- co-glycolic acid) (PLGA), and poly (ε-caprolactone) (PCL), polycaprolac-
tone, and poly-alkyl-cyanoacrylates, gelatin, albumin, chitosan, and their copolymers 
diblocked or multiblocked with poly(ethylene glycol) (PEG) have been commonly 
used to form polymeric nanoparticles (NPs) to encapsulate a variety of therapeutic 
compounds. These include polymeric micelles, capsules, colloids, dendrimers, etc. 
[ 38 ] .  Polymeric NPs can be formulated by self-assembly of block copolymers con-
sisting of two or more polymer chains with different  hydrophobicity  . Drug release 
rates from the polymeric NPs can be controlled by modifying polymer chemical and 
physical properties. 

 Polymer nanoparticles have been shown to enhance the  chemo- and radio- 
therapeutic effi cacy   of anticancer agents [ 39 ].  Abraxane  , an FDA-approved 
albumin- based nanoparticle carrying paclitaxel, is indicated for fi rst-line treatment 
of locally advanced or metastatic NSCLC in combination with carboplatin in 
patients who are not candidates for curative surgery or radiation therapy [ 39 ] .  
Polyethylene glycol- (PEG-) modifi ed polylactic acid nanoparticles loaded with 
taxanes have signifi cantly improved the effi cacy of chemoradiation therapy in both 
 in vitro  and in an A549 lung tumor xenograft model [ 40 ]. Other research groups 
have developed a cremophor free nanoformulation of paclitaxel and cisplatin using 
block copolymers of  PEG and polylactic acid   for the treatment of lung cancer [ 41 ]. 
One such polymeric NP is Genexol-PM, a PLGA-b-methoxyPEG NP encapsulating 
 paclitaxel  , which has received regulatory approval in South Korea for clinical use 
and is currently undergoing phase II clinical trials for a number of cancer indica-
tions, including patients with advanced NSCLC, in the United States [ 38 ] .  Results 
are awaited for a phase II trial of Genexol-PM and Gemcitabine in patients with 
metastatic lung cancer (  http://clinicaltrials.gov/show/NCT01770795    ). PEG–poly-
glutamic acid block copolymer micelles loaded with cisplatin demonstrated remark-
ably prolonged blood circulation and accumulation in solid tumors (Lewis lung 
carcinoma cells) about 20-fold higher than free cisplatin. The  micellar system   was 
found to confer both suffi cient stability to ensure prolonged circulation in the blood-
stream and sustained drug release kinetics upon accumulation at the delivery site. 
Treatment with micelles led to complete tumor regression with no signifi cant body 
weight loss, whereas free drug treatment resulted in tumor survivals and approxi-
mately 20 % of body weight loss at the equivalent dose [ 41 ]. Polymer nanoparticles 
have been extensively used in studies aimed at delivering targeted chemotherapeutics 
to lung cancer.  Gelatin nanoparticles (GPs)         were grafted with biotinylated epithelial 
growth factor (EGF) molecules for targeting lung cancer. These nanocarriers 
demonstrated increased cellular uptake on A549 lung adenocarcinoma cells  in vitro  
and  in vivo  aerosol administration to cancerous lung in a mouse model [ 42 ]. 

  Dendrimers   are  synthetic  , repeatedly branched polymeric macromolecules having 
numerous extensions from central core, resulting in a tree-like structure. The struc-
ture of dendrimers and modifi able surface functionality allow for either encapsula-
tion/conjugation of therapeutic agent, in the core or on the surface, making them 
attractive carriers for anticancer therapeutics [ 43 ]. Poly(glycerol-succinic acid) 
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dendrimers were explored as potential carriers for  camptothecin   [ 44 ]. The anticancer 
activity of the camptothecin-encapsulated dendrimer formulation was examined 
using human breast adenocarcinoma (MCF-7), colorectal adenocarcinoma (HT-29), 
non-small-cell lung carcinoma (NCI-H460), and glioblastoma (SF-268) [ 45 ]. 
A recent study illustrated the use of dendrimer-targeting peptide conjugates as a 
carrier for drugs towards NSCLC. These dendrimer-peptide conjugates when 
administered to a lung tumor-bearing athymic mouse model were effi ciently taken 
up by the cancer cells demonstrating their potential as a drug carrier for the treat-
ment of lung cancer [ 46 ]. In a related study, a newly designed PEGylated dendrimer 
nanoparticle showed promising application as an aerosol-inhaled drug delivery 
modality. The smaller  dendrimer   particles are reported to enter the blood stream via 
inhalation while larger particles are sequestered in the lung for an extended period 
of time. In the future, this method of  controlled   drug delivery to the lungs could 
provide an alternative to injectable drug systems [ 46 ,  47 ].  

2.3     Other  Nanoparticle Systems   

 Recent years have seen tremendous progress in the design and study of metal-based 
nanomaterials of gold and silver, geared towards biological and biomedical applica-
tions. Most notable among these being the noble metal gold nanoparticles where the 
surface-plasmon resonance-enhanced optical properties of colloidal gold nanoparti-
cles directed towards recent biomedical applications with an emphasis on diagnosis 
and therapy of cancer, including lung cancer [ 48 ,  49 ]. Recently,  gold nanoparticles   
have also successfully been tested as sensors for discriminating and classifying 
different lung cancer histologies. The sensor was able to distinguish between normal 
and cancerous cells, SCLCand NSCLC, and between two subtypes of NSCLCs [ 50 ]. 
Gold nanoparticle conjugates of methotrexate (MTX), a drug with high water solu-
bility and low tumor retention, have shown high tumor retention and enhanced thera-
peutic effi cacy in a Lewis lung carcinoma mouse model [ 51 ]. 

  Magnetic nanoparticles   have been extensively investigated and applied in diag-
nosis and treatment of various cancers.  Theranostic nanoparticles   concurrently 
facilitate imaging and delivery of therapeutic agents. Magnetic hyperthermia is a 
noninvasive therapeutic approach for lung cancer that entails the heat-induced abla-
tion of desired tumor tissue. When subjected to alternating currents the magnetic 
material, such as  superparamagnetic iron oxide (SPIO)     , nanoparticles generate 
sublethal heat that causes local tissue damage. In one study, the tumor-targeted 
SPIO nanoparticles were highly effective in the hyperthermic destruction and inhi-
bition of tumor growth in a mouse model of NSCLC [ 52 ]. 

  Mesoporous silica nanoparticles (MSNs)      have been increasingly used in antican-
cer drug delivery research due to their dynamic capacity for drug loading, controlled 
drug release property, and multifunctional ability. The fi rst report on  in vivo  appli-
cability of Mesoporous silica nanoparticles (MSNs) was published by the Mou 
group in 2008 [ 53 ].  Multifunctional mesoporous silica nanoparticles   have been used 
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for intracellular labeling and animal magnetic resonance imaging studies. Human 
lung cancer cells primarily take up MSNs by endocytosis [ 54 ]. A tumor targeted 
MSN-based drug delivery system was developed for inhalation treatment of lung cancer. 
The system was capable of effectively delivering inside cancer cells anticancer drugs 
(doxorubicin and cisplatin)    combined with two types of siRNA targeted to MRP1 and 
BCL2 mRNA for suppression of pump and non-pump cellular resistance in NSLC, 
respectively. Targeting of MSN to cancer cells was achieved by the conjugation of 
LHRH peptide on the surface of MSN via poly(ethylene glycol) spacer [ 55 ].   

3     Challenges and Future Perspective 

 The past decade has witnessed tremendous growth and development of drug deliv-
ery technology utilizing nanoparticle systems. Nanocarriers have emerged as an 
important treatment modality for therapeutic intervention in  clinical oncology  . 
Different types of nanocarriers have established excellent therapeutic potential at 
both preclinical and clinical development stages. Some of the challenges being 
faced in the nanomedicine area are the bridging of rapidly developing novel ideas 
and translating them into clinical practice. Towards this end, safety of nanocarriers 
is an important consideration which needs to be assessed before proceeding to clini-
cal study. One of the hurdles is in synthesizing  nanoparticle drug delivery systems   
having appropriate properties such as size and charge to carry effective drug/gene 
payload, and ability to target to the right place. Non-uniform size distribution, unde-
fi ned structure/shape, poor biocompatibility, and improper surface chemistry are 
possible risk factors in the  biological environment  . For highly effective drug deliv-
ery to the lungs using  nanotechnology  , it is crucial for these delivery systems to 
overcome a number of obstacles including immune reaction, rate of clearance from 
circulation, effi ciency in targeting, and ability to cross biological barriers in order 
for these nanoparticle systems to enter the clinics. Understanding the mechanism of 
action and the biological behavior of nanoparticles is imperative to achieve the 
highest drug delivery effi ciency. Identifi cation of  physicochemical parameters   are 
absolutely critical in determining the particle-particle interaction within a biological 
environment, aggregation tendencies, adsorption of proteins on nanoparticle sur-
face, and intracellular traffi cking of nanoparticles are some of the important consid-
erations to keep in mind. 

 From the regulatory stand point, nanoparticle-based therapy must overcome the 
same hurdles faced by any new  drug  : optimal design of components and properties, 
reproducible manufacturing processes, robust assay development and analytical 
methods for suffi cient characterization, favorable pharmacology and toxicity pro-
fi les, and demonstration of safety and effi cacy in clinical trials. Unlike standard 
drugs which are composed of a single active agent, nanoparticles are complex in 
nature with multiple active components that can affect the  pharmacokinetics and 
pharmacodynamics  . Such complexity necessitates the need for regulatory agencies 
to develop an exhaustive list of tests and a streamlined approval process to proactively 
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address the emergence of new products based on new technologies and facilitate 
nanomedicine delivery to the clinic. 

 In conclusion, nanoparticle-based medicine has infi nite potential with novel appli-
cations continuously being developed for use in cancer diagnosis, detection, imaging, 
and treatment. The ability of nanoparticles to be tailored for a personalized medicine 
strategy makes them ideal vehicles for the treatment of lung cancer. Going forward, 
the development of different strategies to selectively deliver drugs to lung tumors and 
lung metastases is dependent on understanding the tumor biology, tumor microenvi-
ronment, and the interaction between the tumor cells and the nanoparticles. Particulate 
nanocarriers and polymer conjugates have increased the arsenal of drugs available to 
oncologists. These are currently based on passive tissue targeting, mainly by the 
enhanced permeation and retention ( EPR)   [ 18 ], and not active cellular targeting. New 
strategies utilizing a specifi c cell surface receptor as a way to target these nanocarriers 
into lung tumors or lung metastases are showing great promise and need to be scaled 
up to be able for translation into the clinic. In addition, new class of  drugs  , from the 
RNA family, including small interfering RNAs, microRNAs mimic, or anti-miRs, 
could effectively be used to modulate the function of specifi c gene or family of genes 
and are expected to be the next generation of pathway- specifi c medicine [ 11 ]. It is 
expected that the ongoing research efforts in nanomedicine will continue to lead 
towards safe, effi cient, and feasible drug delivery and highly sensitive and improved 
imaging agents for diagnostic and disease monitoring applications.     
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      Personalized Therapy of Small Cell 
Lung Cancer                     

       Bryan     J.     Schneider       and     Gregory     P.     Kalemkerian     

    Abstract     Small cell lung cancer (SCLC) is an aggressive, poorly differentiated 
neuroendocrine carcinoma with distinct clinical, pathological and molecular char-
acteristics. Despite robust responses to initial chemotherapy and radiation, the prog-
nosis of patients with SCLC remains poor with an overall 5-year survival rate of less 
than 10 %. Despite the fact that numerous molecularly targeted approaches have 
thus far failed to demonstrate clinical utility in SCLC, further advances will rely on 
better defi nition of the biological pathways that drive survival, proliferation and 
metastasis. Recent next-generation, molecular profi ling studies have identifi ed 
many new therapeutic targets in SCLC, as well as extreme genomic instability 
which explains the high degree of resistance. A wide variety of anti-angiogenic 
agents, growth factor inhibitors, pro-apoptotic agents, and epigenetic modulators 
have been evaluated in SCLC and many studies of these strategies are on-going. 
Perhaps the most promising approaches involve agents targeting cancer stem cell 
pathways and immunomodulatory drugs that interfere with the PD1 and CTLA-4 
pathways. SCLC offers many barriers to the development of successful therapy, 
including limited tumor samples, inadequate preclinical models, high mutational 
burden, and aggressive tumor growth which impairs functional status and hampers 
enrollment on clinical trials.  
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1         Introduction 

 Small cell lung cancer (SCLC) is an aggressive, poorly differentiated neuroendo-
crine carcinoma with clinical, pathological and molecular characteristics that are 
distinct  from   non-small cell lung cancer (NSCLC). Clinically, SCLC is notable for 
rapid growth, early metastatic spread, and initial responsiveness to cytotoxic che-
motherapy and radiation. The primary cause of SCLC is  tobacco smoking  , and, of 
all the histologic types of lung cancer, SCLC and squamous cell carcinoma have the 
strongest correlations with tobacco use, with well over 95 % of patients being cur-
rent or former smokers [ 1 ]. Few other  occupational and environmental carcinogens   
have been linked to SCLC, but chloromethyl ethers, used in chemical manufactur-
ing, and high levels of radon exposure, as reported in uranium miners, have both 
been associated with a specifi c increase in the incidence of SCLC [ 2 ]. 

 Both the overall incidence of SCLC and the proportional incidence as a percent-
age of all lung cancer cases have been declining over the past two decades. The 
 incidence rate   of SCLC peaked in the late 1980s and has since been declining in 
parallel with the decreasing prevalence of tobacco smoking in the United States [ 3 , 
 4 ]. The  male-to-female incidence ratio   has also fallen sharply, from 2.6-to-1 in 1973 
to 1-to-1 in 2002, due to a marked decline in incidence in men coupled with a steady 
rise in incidence in women [ 4 ]. In the late 1980s, the proportional incidence of 
SCLC peaked at 17–20 % of all lung cancer cases, but by 2002, SCLC accounted 
for only 13–15 % of all cases [ 3 ,  4 ]. Despite its declining incidence, SCLC remains 
a major public health problem, ranking as the sixth most common cause of cancer- 
related death in the United States [ 5 ]. 

 The  Veterans’ Administration Lung Group classifi cation      scheme is routinely 
used to stage SCLC [ 6 ]. Limited-stage ( LS  )    is defi ned as tumor confi ned to one 
hemithorax, with or without regional lymph node involvement, which can be safely 
encompassed in a tolerable radiotherapy port. Extensive-stage ( ES  ) is defi ned as 
disease that has spread beyond this point, including malignant pleural effusion and 
hematogenous metastases. Two-thirds of patients have  ES-SCLC   at initial diagnosis 
[ 4 ]. Recently, the IASLC has proposed that the newly revised TNM staging system 
for NSCLC should also be applied to SCLC since the T and N descriptors, as well 
as the overall stage I–IV groupings, are discriminatory for survival [ 7 ,  8 ]. However, 
the degree of distinction between stage categories is smaller than that noted for 
NSCLC and it is unlikely that the application of TNM staging will substantially 
alter clinical decision-making, since all of the clinical trials on which current treat-
ment is based utilized the VA staging scheme.  

2     Current Therapy for SCLC 

 The  management   of SCLC is complicated by the aggressiveness of the disease. 
Most patients present with symptoms of bulky intrathoracic disease and/or wide-
spread metastases that cause signifi cant debility. Due to the high prevalence of 
tobacco use, many patients also have substantial co-morbidities that contribute to 
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their impaired performance status and limit the delivery of optimal treatment. 
These factors also make it challenging to enroll patients with SCLC onto appro-
priate clinical trials. 

  LS-SCLC      is a potentially curable disease in which recent progress has mainly 
been made through advances in the use of radiotherapy. Two meta-analyses have 
demonstrated that the addition of defi nitive thoracic radiation to chemotherapy sig-
nifi cantly improves overall survival in patients with LS-SCLC [ 9 ,  10 ]. Further stud-
ies have shown that early thoracic radiotherapy resulted in a greater overall survival 
benefi t than late radiotherapy [ 11 ]. Although a large, randomized trial reported an 
added improvement in survival with hyperfractionated, twice daily, thoracic radio-
therapy, this strategy remains controversial and confi rmatory studies are on-going 
[ 12 ]. Up to 60 % of patients with SCLC will develop brain metastases during the 
course of their illness. A meta-analysis of randomized trials evaluating  prophylactic 
cranial irradiation (PCI)   reported a signifi cant decrease in the incidence of brain 
metastases and a 5.4 % increase in 3-year overall survival [ 13 ]. At present, the 
standard- of-care for patients with LS-SCLC consists of 4–6 cycles of cisplatin and 
etoposide plus early, concurrent thoracic radiotherapy. PCI is recommended for 
those achieving a good response to initial therapy.       With such treatment, objective 
response is noted in 90 % of patients with long-term survival in 25 %. 

  ES-SCLC      remains an incurable disease in which the mainstay of treatment is 
platinum-based, two-drug chemotherapy, such as cisplatin or carboplatin plus eto-
poside, with the goal of palliating symptoms and prolonging survival. This treat-
ment yields an objective response in 60–70 % of patients with up to 10 % having 
a complete radiographic response. Patients who attain a good response are consid-
ered for PCI based on the demonstration of improved survival even in those with 
extensive- stage disease [ 14 ]. Although chemotherapy does signifi cantly improve 
quality-of-life and prolong survival for patients with  ES-SCLC,      relapse is inevi-
table, and only 5 % of patients remain alive 2 years after the initial diagnosis. 
Numerous chemotherapy-based strategies, including dose-intensifi cation, weekly 
administration, three- or four-drug regimens, high-dose consolidation, alternating 
or sequential non-cross-resistant regimens, and maintenance therapy, have failed 
to improve survival, and several of these approaches have resulted in excessive 
toxicity [ 15 ]. 

  Single-agent chemotherapy      is the standard treatment for patients with relapsed 
SCLC. While response rates are generally higher with combination therapy, over-
all survival is not improved, and the toxicity of combination regimens is problem-
atic [ 16 ]. The benefi ts of subsequent therapy are strongly impacted by the duration 
of response to initial treatment, with lower response rates noted in patients who 
relapse within 2–3 months of initial therapy. Despite the relatively poor responses 
and short survival associated with second-line chemotherapy, a randomized trial 
comparing oral topotecan to best supportive care did demonstrate signifi cantly 
better overall survival in patients receiving chemotherapy (median, 26 vs. 14 
weeks; p = 0.01) [ 17 ]. 

 It is unlikely that empiric  chemotherapy   will lead to further signifi cant improve-
ments in outcome in patients with SCLC. The overall survival of patients with SCLC 
has changed little since the advent of active chemotherapy regimens in the 1970s [ 18 ]. 
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Between 1973 and 2002, the 2-year survival rate for patients with  LS-SCLC   
improved from 15 to 22 %, but there was little change for those with  ES-SCLC   
(3.4 to 5.6 %) [ 3 ]. Future advances will rely on efforts to better understand the 
underlying biology of SCLC and to identify molecular targets that drive survival, 
proliferation and metastasis. In addition, we must improve and broaden our clinical 
research infrastructure to optimize enrollment onto rational clinical trials.  

3     Identifi cation  of   Therapeutic Targets 

3.1     Early Studies 

 Over the past 40 years, our understanding of the biologic basis of SCLC has grown 
exponentially and has led to the identifi cation of a wide variety of rational putative 
targets for therapeutic interventions that have subsequently been evaluated in both 
 preclinical and clinical studies  . The study of the molecular underpinnings of SCLC 
has been greatly enhanced by the work of the NCI-Navy Medical Oncology Branch 
with their development of over 100 SCLC cell lines in the 1970s and 1980s [ 19 ]. 
Most of these cell lines were developed from metastatic sites, commonly bone mar-
row, pleural fl uid or lymph nodes, with only 10 % arising from samples of the pri-
mary tumor. This effort, along with the rapid advancement of cytogenetic and 
molecular biological techniques, allowed the description of various genetic derange-
ments and other molecular drivers of SCLC growth [ 20 ]. 

 Initial  cytogenetic studies   in SCLC identifi ed numerous non-random chromo-
somal aberrations, including loss of heterozygosity at 3p, 13q and 17p. Deletions 
on 3p14-23 are the most common cytogenetic abnormalities noted in SCLC [ 21 ]. 
Although this region contains several oncogenic genes of interest ( VHL ,  RARβ , 
c- RAF , c- ErbA ), the role of 3p deletion in the pathogenesis of SCLC remains unde-
fi ned. In contrast, deletions of 13q and 17p clearly pointed to the involvement of 
the tumor suppressor genes  RB1  and  p53 , respectively, the two most ubiquitous 
oncogenic derangements in SCLC [ 22 ,  23 ]. Early studies also led to the identifi ca-
tion of frequent dysregulation of proto-oncogenes, including c- myc , L- myc  and 
N- myc , and, in notable contrast to NSCLC, the complete absence of mutations in 
 RAS  genes [ 24 ]. 

 The extensive work on cell line development highlighted the importance of 
 growth factors   in the propagation of SCLC cells. As  neuroendocrine-derived cells  , 
SCLC can produce and secrete a host of peptide growth factors, many of which act 
through autocrine pathways to enhance tumor growth [ 25 ]. The recognition of 
these  autocrine growth pathways   suggested rational targets to inhibit SCLC growth 
and led to the fi rst clinical trial of targeted therapy in SCLC, the use of an anti-
gastrin- releasing peptide (GRP)  antibody      in patients with relapsed SCLC [ 26 ]. 

 Despite the availability of many cell lines, the identifi cation of actionable 
 molecular targets   and the development of targeted therapy in SCLC have been 
hampered by the limited availability of primary tumor tissue. Very few patients 
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with SCLC undergo surgical resection and in most patients the diagnosis is made 
by cytological analysis or small biopsies. Nonetheless, in the past few years, the 
pace at which potential targets for  anti-cancer therapy      are being identifi ed has 
accelerated at lightning speed due to the streamlining of sequencing and expres-
sion array technology.  

3.2      Recent   Developments 

 Several reports have recently been published on the application of advanced, next- 
generation molecular techniques for the identifi cation of therapeutic targets and pre-
dictive biomarkers in SCLC. One of the most striking fi ndings of these studies is the 
extreme genomic instability exhibited by SCLC tumors, likely due to the prolonged, 
high-dose exposure to tobacco carcinogens in most patients. Two studies have 
reported protein-altering mutation frequencies of 5.5 and 7.5 per megabase using 
exomic sequencing techniques, among the highest rates reported in any type of 
cancer [ 27 ,  28 ]. Utilizing exomic, transcriptome, and genomic sequencing, along 
with  SNP array analysis  , in subsets of 63 primary SCLCs, Peifer et al. confi rmed the 
near ubiquity of  TP53  and  RB1  mutations (>90 %) and identifi ed numerous other 
common aberrations, including mutations in the histone-modifi ers  CREBBP ,  MLL , 
and  EP300  (18 %),  MYC -family gene amplifi cation (16 %),  PTEN  deletion (10 %), 
and  FGFR1  amplifi cation (6 %) [ 27 ]. They  also   reported mutations in a novel, puta-
tive, tumor suppressor gene,  SLIT2 , which is involved in regulation of neural cell 
migration, in 10 % of tumors. Rudin et al. analyzed subsets of 56 SCLC tumors by 
the same techniques and reported similar fi ndings, with frequent derangements in 
 TP53, RB1, PIK3CA, CDKN2A, PTEN  and several chromatin-modifi er genes [ 28 ]. 
Abnormalities were also commonly noted in genes involved in DNA repair and  cell 
cycle checkpoint regulation  . Interestingly, numerous genes involved in the regula-
tion of “stem-cell”  characteristics   were affected, including mutations in compo-
nents of the NOTCH and Hedgehog pathways, and amplifi cation of  SOX2 , a 
mediator of stem-cell self-renewal, in 27 % of SCLC tumors [ 28 ]. 

 Byers et al. took a different approach to  target   discovery, evaluating the 
proteomic differences between SCLC and NSCLC cell lines [ 29 ]. They identifi ed 
relative over-expression of the  cell cycle regulator  , EZH2, and the DNA-repair 
mediator, PARP1, in SCLC, and demonstrated that siRNA knockdown of EZH2 or 
PARP1 led to growth inhibition. In addition,  PARP inhibition   with AZD2881 and 
AG014699 resulted in growth inhibition and sensitization to the standard chemo-
therapeutic agents, cisplatin and etoposide, in SCLC cell lines [ 29 ]. In order to 
evaluate the predictive nature of putative therapeutic targets, Sos et al. exposed 44 
molecularly characterized SCLC cell lines to 267 inhibitor compounds with poten-
tial clinical relevance [ 30 ]. Of note, 95 % of the cell lines were derived from 
patients with ES-SCLC, which is in contrast to the aforementioned studies utiliz-
ing primary tumors in which the majority of samples were obtained from patients 
with LS-SCLC. This difference in stage of disease likely accounts for some of the 
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discrepancies in fi ndings, such as the much higher rate of   MYC  amplifi cation   found 
in the cell lines (44 % vs. 16 %) [ 27 ,  30 ]. Among the many genetic abnormalities 
identifi ed, several stood out as potential predictive biomarkers. PTEN loss was 
associated with the activity of HSP inhibitors, but interestingly, not with that of 
PI3K inhibitors, and FGFR1 amplifi cation partially correlated with the activity of 
FGFR inhibitors. One of the strongest associations was that of  c-MYC,  but not 
 L-MYC  or  N-MYC,  amplifi cation with aurora B kinase inhibitor activity [ 30 ]. 

 The challenge of obtaining adequate tissue  to   perform complex genetic analyses 
remains a major hurdle to the clinical implementation of personalized medicine in 
patients with lung cancer. One strategy for overcoming this obstacle is to isolate 
peripheral blood  circulating tumor cells (CTCs)   which could then undergo molecu-
lar characterization. Hou et al. obtained serial blood samples from 97 patients with 
SCLC, 68 % of whom had extensive-stage disease [ 31 ]. CTCs were defi ned as cells 
that were positive for EpCam, cytokeratin, and DAPI, but negative for CD45. At the 
pre-treatment baseline, CTCs were identifi ed in 85 % of patients with a median of 
24 cells/7.5 ml (range, 0–44,896). After one cycle of standard chemotherapy, 81 % 
of patients exhibited a decline in CTCs with a median of 1 cell/7.5 ml (range 
0–2960). Poor prognosis was associated with a higher number of CTCs at baseline 
and a lack of decline with treatment. Most importantly, in many patients the CTCs 
could be molecularly characterized by fl ow cytometry and immunohistochemistry 
[ 31 ]. Although, the  lo  w number  of   CTCs identifi ed at baseline in most patients 
raises concerns about the clinical generalizability of this strategy, emerging tech-
nologies such as single-cell genomic analysis, may allow broader molecular clas-
sifi cation that is required for optimal implementation of personalized treatments. 

 It is now clear that the technology exists for rapid and broad characterization of 
the molecular drivers in cancer cells. In SCLC and other cancers with high muta-
tional burdens brought on by excessive carcinogen exposure, the clinical validation 
of relevant molecular targets remains challenging. In such situations, there is a high 
likelihood that tumor cell heterogeneity and the dysregulation of numerous path-
ways will limit the activity of any single molecularly targeted therapeutic interven-
tion.  N  evertheless, numerous rational strategies have been devised and tested in 
clinical trials for patients with SCLC.   

4     Targeted Therapy for SCLC 

 For over four decades, clinical research in SCLC has focused on various combina-
tions of  cytotoxic chemotherapy drugs   and  radiotherapy  . We have now entered the 
era of targeted therapy in oncology with the identifi cation of agents that are more 
‘tumor-focused’. Theoretically, such treatment should improve anti-cancer effi -
cacy and minimize the myriad toxicities that commonly occur with cytotoxic che-
motherapy. A wide variety of molecularly targeted approaches have been explored 
in patients with SCLC, but, thus far, none of them have demonstrated convincing 
clinical utility. 

B.J. Schneider and G.P. Kalemkerian



155

4.1        Angiogenesis Inhibitors 

 Several lines of evidence support a major role for angiogenic pathways  in SCLC  , 
making them an attractive therapeutic target. SCLC is a highly vascular tumor with 
a high micro-vessel density, and most patients with SCLC have elevated serum lev-
els of vascular endothelial growth factor ( VEGF  )   , a key mediator of angiogenesis 
[ 32 ]. In addition, many SCLC cells express the functional VEGFR receptors, 
VEGFR-2 and VEGFR-3, suggesting that this pathway may also serve as an auto-
crine growth regulator in SCLC [ 33 ,  34 ]. Elevated pre-treatment serum levels of 
VEGF and  basic fi broblast growth factor (bFGF)     , another angiogenesis mediator, 
are associated with poor response to chemotherapy and reduced survival [ 35 – 37 ]. 
Although several  anti-angiogenic agents   have demonstrated benefi t in other malig-
nancies, clinically relevant predictive biomarkers have not yet been identifi ed. 

 Three phase II studies investigated the  role   of  bevacizumab     , a humanized, anti- 
VEGF monoclonal antibody, in combination with standard chemotherapy. In the 
fi rst trial, 63 patients with ES-SCLC received bevacizumab plus cisplatin and eto-
poside followed by maintenance bevacizumab [ 38 ]. The response rate (63.5 %), 
median progression-free survival (PFS) (4.7 months, 95 % CI, 4.3–5.5) and overall 
survival (OS) (median, 10.9 months, 95 % CI, 7.9–12.2; 1-year, 38 %) were similar 
to those achieved historically with chemotherapy alone. In addition, baseline,  serum   
VEGF levels did not correlate with survival.  The   second trial randomized 102 
patients with ES-SCLC to receive platinum/etoposide plus either bevacizumab or 
placebo concurrently and as maintenance therapy [ 39 ].  The   bevacizumab arm dem-
onstrated a superior response rate compared to placebo (58 %, 95 % CI, 43–71 % 
vs. 48 %, 95 % CI, 34–62 %), but no OS benefi t was identifi ed (median 9.4 vs. 10.9 
months, HR, 1.16; 95 % CI 0.66–2.04). The third trial combined bevacizumab with 
cisplatin/irinotecan without maintenance therapy in 72 patients with ES-SCLC [ 40 ]. 
   Although the survival results were encouraging with a median PFS of 7.0 months 
(95 % CI, 6.4–8.4) and a median OS of 11.6 months (95 % CI, 10.5–15.1), the trial 
did not meet its primary endpoint with a 1-year OS rate of only 44 % (95 % CI 
33–58 %). Serum VEGF levels were not associated with PFS, but patients who 
developed grade ≥1 hypertension, a common side effect of bevacizumab, demon-
strated a trend towards improved OS. Although bevacizumab plus chemotherapy 
has been well tolerated in ES-SCLC, the lack of an apparent improvement in sur-
vival has tempered enthusiasm for this approach. However, the development of 
hypertension may be an indicator  of   effective inhibition of  the   VEGF pathway and 
is being evaluated as a surrogate biomarker for benefi t  from   bevacizumab [ 41 ,  42 ]. 
In LS-SCLC, the use of anti-angiogenic therapy has been more problematic. A 
phase II study of irinotecan, carboplatin, and bevacizumab with concurrent radio-
therapy followed  by   maintenance bevacizumab was terminated early due to an 
 unacceptabl  e incidence  of      tracheoesophageal fi stulae [ 43 ]. 

 A randomized, phase II,  placebo-controlled trial      evaluated topotecan plus either 
afl ibercept, a recombinant fusion protein that binds circulating VEGF, or placebo in 
98 patients with recurrent ES-SCLC after platinum-based chemotherapy [ 44 ]. 
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Although 3-month PFS favored  afl ibercept   over placebo (26 % vs. 9 %; p = 0.01), 
only one partial response was identifi ed and median OS was similar between the 
two arms (4.6 vs. 3.9 months; p = 0.25). 

 Several oral multi-kinase inhibitors that target VEGFR have been investigated as 
maintenance or second-line therapy in SCLC, but poor tolerability has been limit-
ing.  Sunitinib      is a small-molecule inhibitor of receptor tyrosine kinases, including 
VEGFR, c-kit, FLT3, RET, and PDGFR. Two small trials utilized 50 mg/day for 4 
weeks of a 6-week cycle as either maintenance therapy after platinum-based chemo-
therapy or as monotherapy following relapse [ 45 ,  46 ]. In both studies, no improve-
ment in survival was noted and the majority of patients were unable to tolerate 
sunitinib due to profound fatigue. Interestingly, a continuous, lower dose schedule 
of sunitinib has shown promise as maintenance therapy in two other trials. The fi rst 
phase II trial  utilized   sunitinib 25 mg/day without interruption in 34 patients after 
they had received six cycles of carboplatin and irinotecan [ 47 ]. The 1-year OS of 
54 % and median PFS of 7.6 months were superior to historical controls, and the 
severe toxicity rate was relatively low. Similarly, trial CALGB  30504   randomized 
85 patients to receive platinum/etoposide followed by either sunitinib 37.5 mg/day 
or placebo.  The   primary endpoint was met with an improvement in median PFS (3.8 
vs. 2.3 months; HR = 1.53, 95 % CI, 1.03–2.27; p = 0.037). However, median OS 
was similar between the two arms and tolerability was a concern, with 46 % of 
patients having grade 3/4 toxicity and 20 % grade 3 fatigue. 

  Sorafenib      is another multi-targeted, small-molecule inhibitor that targets B-RAF, 
VEGFR-1,-2,-3, PDGFR-β, c-kit, FLT3 and RET. The primary mechanism of anti- 
tumor activity is believed to be inhibition of VEGFR-2 [ 48 ]. A phase II trial of 
sorafenib 400 mg twice daily in 89 patients with recurrent, platinum-treated SCLC 
reported a response rate of 11 % (95 % CI, 3–25 %) with median OS of 6.7 months 
(95 % CI, 6.1–9.1 months) in patients deemed platinum-sensitive. Not surprisingly, 
the response rate (2 %, 95 % CI, 0–12 %) and median OS (5.3 months) were lower 
in platinum-resistant patients. Unfortunately, 23 % of patients stopped sorafenib 
because of toxicity.    Serial serum VEGF levels did not correlate with clinical benefi t 
and further investigation with this agent in SCLC was not recommended.    Vandetanib 
targets VEGFR-2 and, to a lesser extent, EGFR. A randomized phase II study  of 
  vandetanib 300 mg/day vs. placebo in patients who responded to induction chemo-
therapy did not  improve   median PFS (2.7 vs. 2.8 months; HR, 1.01; 80 % CI, 0.75–
1.36) or median OS (10.6 vs. 11.9 months; HR, 1.43; 80 % CI 1.00–2.05) [ 49 ]. 
    Vandetanib   was also poorly tolerated with frequent dose-reductions for rash and 
gastrointestinal toxicity. A phase II trial of cediranib, a selective inhibitor of 
VEGFR-1,-2,-3, in the second-line setting also failed to demonstrate any promising 
clinical activity [ 50 ]. The initial dose of cediranib 45 mg/day was intolerable due to 
grade 3/4 fatigue, diarrhea and elevated liver enzymes. In summary, these trials 
indicate that  tyrosine kinase inhibitors (TKIs) targeting VEGFR   are not suited for 
single-agent therapy in patients with SCLC. 

  Thalidomide inhibits    angiogenesis   by repressing key angiogenic genes and 
down-regulating the secretion of VEGF and bFGF [ 51 ]. Two phase III trials 
r andomized patients with ES-SCLC to platinum-based chemotherapy plus either 

B.J. Schneider and G.P. Kalemkerian



157

thalidomide or placebo. The fi rst trial utilized an induction regimen of etoposide, 
cisplatin, cyclophosphamide and 4′-epidoxorubicin (PCDE) for 6 cycles plus tha-
lidomide 400 mg/day or placebo in patients who had a response to the fi rst two 
cycles of chemotherapy [ 52 ]. Ninety-two patients were enrolled and although a 
trend towards improved survival with thalidomide was identifi ed, it was not statis-
tically signifi cant (median OS 11.7 vs. 8.7 months; HR, 0.74; 95 % CI, 0.49–1.12; 
p = 0.16). Paradoxically, patients with a performance status (PS) of 1 or 2 had 
better survival than those with PS 0 (HR, 0.59; 95 % CI, 0.37–0.92; p = .02). 
Toxicity was generally manageable, but there were four toxic deaths as a result of 
myelosuppression in the thalidomide arm. A larger phase III trial combined tha-
lidomide 100–200 mg/day or placebo with 6 cycles of carboplatin/etoposide fol-
lowed by  maintenance   thalidomide or placebo [ 53 ]. Over 700 patients with both 
LS- and ES-SCLC were randomized. The addition  of   thalidomide did not improve 
median OS compared to placebo (10.1 vs. 10.5 months; HR, 1.09; 95 % CI, 0.93–
1.27). An exploratory subgroup analysis suggested increased risk of death in 
patients with ES-SCLC (HR, 1.36; 95 % CI, 1.10–1.68). In addition, patients 
treated with thalidomide had twice the risk of thromboembolic events, but this did 
not appear to contribute to increased mortality. The authors suggested that the 
lower  dose   of thalidomide used in this trial may have contributed to the lack of 
therapeutic benefi t, but a dose– response   relationship has not been identifi ed for 
this agent in other malignancies. 

 Several trials of other agents targeting angiogenic pathways, such as  pazopanib      
and  nintedanib      which both inhibit VEGFR, are on-going in patients with 
SCLC. However, given the lack of clinical benefi t and signifi cant toxicity associ-
ated with anti-angiogenic agents in SCLC thus far, it appears unlikely that such 
studies in unselected patients will lead to improvements in survival. The identifi -
cation of effective predictive biomarkers should help guide more rational use of 
these agents, but this has proven elusive given the heterogeneity of angiogenic 
signaling within tumors.  

4.2        Growth Factor Inhibitors 

 A wide variety of growth factor receptors are overexpressed in SCLC and have 
been investigated as therapeutic targets. Epidermal growth factor  receptor   (EGFR)    
is over-expressed in 60 % of NSCLCs and EGFR TKIs have shown dramatic clini-
cal benefi ts in patients whose tumors harbor activating EGFR mutations [ 54 ,  55 ]. 
In contrast, such mutations are extremely rare in SCLC, occurring primarily in 
combined SCLC/NSCLC tumors [ 56 ]. Despite this, preclinical data suggested 
that SCLC cells with low EGFR expression may respond to EGFR-TKIs though 
inhibition of the downstream mediators, ERK-1/2 [ 57 ]. However, a phase II trial 
of the EGFR-TKI, gefi tinib, in 19 patients with relapsed SCLC failed to demon-
strate any objective responses, likely due to the  paucity   of activating EGFR muta-
tions in these tumors [ 58 ]. 
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  C-kit   is a transmembrane, tyrosine kinase receptor that is detectable by immuno-
histochemistry (IHC) in 30–70 % of SCLCs [ 59 ,  60 ].  Imatinib     , an oral inhibitor of 
both BCR–ABL and c-kit, has been investigated as both maintenance and second- 
line therapy for SCLC. In a small phase II trial, 14 patients with c-kit-IHC positive 
SCLC received maintenance imatinib 400 mg twice daily after induction cisplatin/
irinotecan [ 61 ]. No improvement in median PFS (4.3 months) was identifi ed rela-
tive to historical controls. Similarly, two phase II trials evaluated  imatinib   in patients 
with relapsed SCLC whose tumors expressed c-kit by IHC [ 62 ,  63 ]. There were no 
objective responses and median OS was only 2.0–5.3 months. Of note, these three 
trials are the only SCLC studies reported to date in which a predictive biomarker 
was utilized in an attempt to enrich the enrolled patient population for improved 
response to a targeted drug. A larger phase II study combined  imatinib   with carbo-
platin/irinotecan as initial therapy for in  68   patients with ES-SCLC who were not 
selected for c-kit expression [ 64 ]. Median  PFS and OS   were a disappointing 5.4 and 
8.4 months, respectively. Retrospectively, 70 % of patients had tumors that expressed 
c-kit by IHC, but expression of c-kit had no impact on overall survival.  Dasatinib   is 
an oral TKIs with activity against c-kit and c-src, both of which are commonly 
expressed in SCLC. A phase II trial of dasatinib 70 mg twice daily in 45 patients 
with chemo-sensitive, relapsed SCLC reported no objective responses and survival 
appeared lower than that of historical controls (median PFS 1.4 months, median OS 
3.9 months) [ 65 ]. A recurring theme in oncology is that the benefi t of TKIs is largely 
limited to patients with tumors that harbor activating mutations in the target gene, 
as evidenced by the profound activity of imatinib in gastrointestinal stromal tumors 
harboring c-kit mutations. Unfortunately, c-kit-activating mutations have not been 
consistently identifi ed in SCLC, highlighting the point that mere expression does 
not defi ne the biological relevance of a potential therapeutic target. 

 The insulin-like growth factor (IGF) signaling  pathway       i  s under investigation as 
a potential therapeutic target in several malignancies, including SCLC. The type-1 
IGF receptor (IGF-1R) is commonly over-expressed in lung cancer cell lines and 
tumors, and preclinical studies in SCLC have demonstrated that inhibition of 
IGF-1R disrupts cell proliferation and survival [ 66 ,  67 ]. Cixutumumab (IMC-A12) 
is a monoclonal antibody that targets IGF-1R. A randomized, phase II trial in 
patients with untreated ES-SCLC compared cisplatin/etoposide plus concurrent and 
maintenance cixutumumab to cisplatin/etoposide alone [ 68 ]. There was no evidence 
of improvement in effi cacy with cixutumumab with response rate, PFS and OS 
being nearly identical in the two arms. A randomized, phase II study of  the   IGF-1R 
inhibitor linsitinib (OSI-906) vs. topotecan in patients with relapsed SCLC is cur-
rently enrolling patients. However, IGF-1R inhibition has not demonstrated sub-
stantial clinical benefi t in several tumor types, and it appears that further studies are 
needed to identify predictive biomarkers that can defi ne the optimal patient sub-
groups  most   likely to benefi t from these agents. 

  Temsirolimus      is a novel inhibitor of the  mammalian target of rapamycin (mTOR)   
which has demonstrated cytostatic properties in other tumors, including renal cell 
carcinoma and mantle cell lymphoma. A randomized, phase II trial of temsirolimus 
at either 25 mg/week or 250 mg/week as consolidation therapy following initial 
chemotherapy enrolled 87 patients with ES-SCLC [ 69 ]. Only one patient had  a 
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     partial response, and both median PFS (2.2 months, 95 % CI, 1.8–2.9) and OS (8.0 
months; 95 % CI, 6.5–9.5) were unimpressive, suggested that temsirolimus does not 
warrant further study in SCLC. 

  Tipifarnib      is an oral farnesyl transferase inhibitor that  block  s the membrane- 
localization, and thus the activity, of the  RAS -family of proto-oncogenes that are 
critical for signal transduction. Even though  RAS  mutations are not found in SCLC, 
tipifarnib was evaluated in a phase II study of 22 patients with relapsed 
SCLC. Somewhat unsurprisingly, there was no evidence of clinical activity [ 70 ]. 

 Clinical trials of agents targeting other proliferative signaling pathways in SCLC 
are on-going. Targets under evaluation include: c-met (tivantinib); c-abl (ponatinib); 
Fyn3 (the antibody-drug conjugate SC16LD6.5); cyclin dependent kinases (BAY- 
100394); and somatostatin  receptor   SSTR2 (pasireotide; the radio- immunoconjugate 
Rh 188 -P2045).  

4.3      Matrix   Metalloproteinase Inhibitors (MMPI)    

 Inhibition of matrix metalloproteinases (MMPs) has been investigated as a treat-
ment strategy for SCLC. MMPs are produced and secreted by many cancers and are 
frequently detected in both malignant and stromal cells within tumors. MMPs digest 
basement membrane and extracellular matrix to facilitate local tumor invasion. 
Several MMPs have been found to be over-expressed in SCLC and this over- 
expression predicts for poorer survival [ 71 ,  72 ]. Marimastat is an orally adminis-
tered MMP inhibitor. Based on preclinical data suggesting a tumoristatic effect, a 
randomized clinical trial was designed evaluating marimastat 10 mg twice daily vs. 
placebo as adjuvant therapy following induction chemotherapy in over 400 patients 
with either LS- or ES-SCLC [ 73 ]. Both median PFS (4.3 vs. 4.4 months; HR, 0.977; 
95 % CI, 0.807–1.184; p = 0.81) and median OS (9.3 vs. 9.7 months; HR = 1.013; 
95 % CI, 0.831–1.235; p = 0.90)  were   nearly identical in the marimastat and placebo 
arms, respectively. In addition, the drug was poorly tolerated with over 50 % of 
patients requiring dose-reductions and 32 % stopping therapy prematurely due to 
toxicity. Quality-of-life favored the placebo arm with increased pain and reduced 
global quality-of-life noted with marimastat. Another MMP inhibitor, BAY 12-9566, 
was also compared to placebo as adjuvant therapy for SCLC,    but after enrollment of 
only 327 patients, an interim analysis noted a PFS advantage favoring  the   placebo 
arm (5.3 vs. 3.2 months; p = 0.05), and the study was discontinued [ 74 ].  

4.4         Pro-Apoptotic Agents   

 Suppression of the  apoptotic inhibitor Bcl-2   has been extensively investigated as a 
therapeutic strategy in SCLC.  Bcl-2  is an oncogene that produces an inhibitor of 
programmed cell death that acts through binding to the BH3 domain of pro- apoptotic 
family members to suppress cell death. Over-expression of Bcl-2 is associated with 
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resistance to chemotherapy and has been reported in up to 90 % of SCLC.  Xenograft 
models      suggest that suppression of Bcl-2 enhances the cytotoxic effects of cisplatin 
and etoposide [ 75 ].  Oblimersen      is an antisense oligonucleotide that is complemen-
tary to  Bcl-2  mRNA. Upon entering the cell, oblimersen hybridizes to  Bcl-2  mRNA 
and facilitates its degradation by RNaseH, thus decreasing Bcl-2 protein production 
[ 76 ,  77 ]. Given its chemotherapy sensitizing properties, oblimersen plus carbopla-
tin/etoposide was compared to chemotherapy alone in a randomized, phase II study 
of 63 patients with ES-SCLC [ 78 ]. However, both median OS (8.6 vs. 10.6 months) 
and 1-year OS (24 % vs. 47 %) favored the control arm. Toxicity was similar 
between the two arms, and it was postulated that oblimersen may not have ade-
quately penetrated SCLC cells to suppress Bcl-2. 

 Three other  Bcl-2 antagonists     ,       obatoclax, navitoclax (ABT-263), and AT-101 
are small-molecule BH3 mimetics that act by inhibiting the interaction of Bcl-2 
with BH3-containing pro-apoptotic proteins, such as Bax and Bak [ 79 ]. An 
encouraging phase I trial of  obatoclax   in combination with carboplatin/etoposide 
enrolled 25 patients with untreated SCLC and reported a favorable response rate 
of 68 % and median OS of 12.5 months at the recommended phase II schedule 
[ 80 ]. However, a phase II trial of  obatoclax plus topotecan      in patients with recur-
rent SCLC was stopped early due to lack of responses and dismal PFS after the 
fi rst stage of enrollment [ 81 ]. Neurologic toxicity was also problematic with 
somnolence in 89 % of patients and ataxia in 56 %. Navitoclax also demonstrated 
promising activity in a phase I study in heavily pretreated patients with SCLC or 
atypical bronchial carcinoid with a 35 % stable disease rate and one durable par-
tial response lasting over 35 months [ 82 ]. However, the phase II study of single-
agent  navitoclax   in 39 patients with relapsed SCLC yielded a response rate of 
only 2.6 % with stable disease in 23 % and median OS of only 3.2 months [ 83 ]. 
AT-101 is  a  n oral BH3 mimetic that has been shown to increase concentrations 
of the pro-apoptotic proteins NOXA and PUMA [ 84 ], and has synergistic activ-
ity with topotecan in a SCLC xenograft model [ 85 ]. A phase II trial of AT-101 in 
15 patients with chemotherapy-sensitive,  recurrent SCLC reported no responses, 
and a correlative analysis of peripheral blood mononuclear cells demonstrated a 
paradoxical reduction of pro-apoptotic caspase activity with treatment [ 86 ]. 
Similarly, a phase I/II study of AT-101 plus topotecan in 30 patients with relapsed/
refractory SCLC yielded only three partial responses in the chemo-sensitive, 
relapsed cohort with a median time to progression (TTP) of 4 months, and no 
responses in the refractory cohort with a median  TTP   of only 2.7 months [ 87 ]. 
Once again, the trial did not meet its endpoint of improved response rate and was 
stopped after the fi rst stage of accrual. Recently, a phase I study of  AT- 101 plus 
cisplatin/etoposide   in seven patients with SCLC reported a favorable response 
rate of 83 %, suggesting that further studies of this combination are warranted in 
the fi rst-line setting [ 88 ]. Overall, however, despite solid biological rationale and 
promising preclinical data, efforts to target apoptotic pathways in  patients      with 
SCLC have thus far been disappointing.  
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4.5     Cancer  Stem   Cell-Targeted  Therapy   

 SCLC responds extremely well to fi rst-line chemotherapy or chemoradiotherapy. 
However, most patients with LS-SCLC and all patients with ES-SCLC relapse with 
relatively resistant disease, suggesting that there is a sub-population of tumor cells 
in the initial tumor that are profoundly resistant to current standard therapy. It has 
been postulated that a small population of cancer stem cells (CSCs) could be respon-
sible for this clinical phenomenon, and that SCLC may represent the best solid 
tumor model in which to test the CSC hypothesis. Treatment strategies targeting 
chemo-resistant CSCs are based on the elucidation of the pathways that regulate 
CSC traits, such as self-renewal. Thus far, interest has focused mainly on the inhibi-
tion of the Hedgehog, Notch and Wnt signaling pathways that are critical for stem 
cell development and self-renewal [ 89 ,  90 ]. 

 Recent data suggest that the inhibition  of    Hedgehog    signaling   has an antitumor 
effect in SCLC [ 91 ]. Several Hedgehog pathway inhibitors are under clinical inves-
tigation in SCLC, including vismodegib (GDC-0449), erismodegib (LDE-225), 
LY2940680 and BMS-833923. In a primary SCLC xenograft model, LDE225 
enhanced tumor cell kill after initial treatment with chemotherapy [ 92 ].  Vismodegib   
is an orally administered, small-molecule that binds to and inhibits Smoothened 
(SMO), a membrane protein that facilitates signaling through the Hedgehog path-
way. A randomized, phase II study in 103 patients with ES-SCLC evaluated fi rst- 
line cisplatin/etoposide with or without concurrent and maintenance vismodegib, 
and reported no signifi cant differences in response rate, PFS or OS between the two 
arms [ 68 ]. 

 Inhibition of the Notch and Wnt signaling pathways involved in CSC regulation 
is also undergoing active investigation. The Notch pathway is a primary regulator  of 
  normal adult stem cell differentiation and proliferation that is frequently dysregu-
lated in SCLC [ 93 ].  Notch pathway inhibitors  , such as the anti-Notch 2/3 monoclo-
nal antibody OMP-59R5, are currently in clinical development in SCLC and other 
cancers [ 94 ]. Similarly, the Wnt pathway plays a critical role in adult stem cell regu-
lation through control of cell differentiation and proliferation [ 95 ]. Aberrations of 
the  Wnt pathway   have been identifi ed in lung cancer, and monoclonal antibodies 
targeting Wnt-1 and Wnt-2 are in early development [ 96 ,  97 ]. Hopefully, further 
investigations of the  CSC    hypothesis   will open the door to new targets and subse-
quent therapies for SCLC in the near future.  

4.6     Histone  Deacetylase   Inhibitors/    A  urora Kinase Inhibitors 

 Histone deacetylases (HDACs)    are a family of enzymes that regulate gene transcrip-
tion, and the dysregulation of HDACs has been implicated in cancer proliferation, 
survival and apoptosis [ 98 ]. In light of this central role in malignant transformation, 
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HDACs have emerged as therapeutic targets in a variety of malignancies. In preclinical 
models of SCLC, HDAC inhibitors have altered histone acetylation, enhanced 
apoptosis, and reduced cell viability [ 99 ]. The CALGB  co  nducted a phase II study 
of the HDAC inhibitor, romidepsin, in 16 patients with chemo-sensitive, relapsed 
SCLC [ 100 ]. No objective responses were identifi ed, and both median PFS (1.8 
months, 95 % CI, 1.54–3.52) and OS (5.9 months, 95 % CI, 4.63–16.5) were rela-
tively low. The authors concluded that romidepsin did not warrant further study in 
SCLC. Vorinostat and belinostat, two newer HDAC inhibitors, are currently under-
going clinical evaluation in SCLC. 

 Aurora A kinase (AAK) is  a   protein kinase that  facilitates       chrom  osomal segrega-
tion during mitotic cell division, a process vital for tumor progression [ 101 ]. AAK 
is commonly amplifi ed and over-expressed in many tumor types, including lung 
cancer, and preclinical studies have demonstrated mitotic arrest and cell death in 
tumor cells after AAK inhibition, making AAK an appealing therapeutic target 
[ 102 ,  103 ]. A phase I/II study of the AAK inhibitor, alisertib (MLN8237), enrolled 
patients with solid tumors, including 47 with SCLC, refractory to standard therapy 
[ 104 ]. Partial response was reported in 21 % of SCLC patients with a median PFS 
of 2.8 months and manageable toxicity, including neutropenia, anemia and stomati-
tis. In light of this clinically relevant response rate, further studies of alisertib in 
SCLC are underway. 

 Several other agents that affect DNA integrity are also being studied in clinical 
trials in patients with SCLC. Defects in DNA repair are commonly found in nearly 
all types of cancer. Poly-ADP ribose polymerase 1 (PARP1) is involved in DNA 
repair and inhibition of PARP1 results in irreparable double-strand breaks and cell 
death. Veliparib is currently being evaluated in patients with SCLC.    Another  tr  ial is 
assessing the potential anti-SCLC activity of KML001, an anti- telomerase   that 
induces  cytotoxicity   through DNA damage at the telomere in cancer cells.  

4.7        Immunotherapy 

 Immunotherapy is a novel therapeutic approach with the goal of augmenting the 
patient’s innate immune cytotoxic response to cancer cells. In  SCLC  ,  vaccine ther-
apy   has primarily been investigated as consolidation treatment after initial chemo-
therapy in an attempt to prolong the duration of tumor response.  Bec2   is an 
anti-idiotypic antibody that mimics GD3, a ganglioside antigen that is over- 
expressed in 60 % of SCLCs, and induces anti-GD3 antibodies [ 105 ]. A large, phase 
III  t  rial evaluated adjuvant vaccination with Bec2 after chemoradiation in over 500 
patients with LS-SCLC [ 106 ]. Patients were randomized to observation vs. fi ve vac-
cinations of Bec2 plus bacillus Calmette-Guerin (BCG) to enhance an anti-GD3 
response. Common side effects of the vaccine included fl u-like symptoms, local 
skin reactions and lethargy. No statistically signifi cant improvement in survival was 
identifi ed with the  Bec2 vaccine   compared to observation alone, with median PFS 
of 5.7 vs. 6.3 months, median OS of 14.3 vs. 16.4 months, and 2-year survival rate 

B.J. Schneider and G.P. Kalemkerian



163

of 36 % vs. 38 %, respectively. The authors surmised that these disappointing results 
may have been due to the induction of a humoral anti-GD3 response in only 1/3 of 
patients receiving the vaccine. 

 A similar, rational vaccine strategy targeted the p53 antigen.   P53    is mutated in 
over 90 % of SCLCs and mutant p53 has a longer half-life and higher concentra-
tions than wild-type p53 [ 107 ], making it an ideal immunotherapeutic target. 
Twenty-nine patients receiving platinum-based chemotherapy underwent leuko-
pheresis for collection of dendritic cells which were then infected with an adenovi-
ral construct containing p53 [ 108 ]. This  adenovirus-based p53 vaccine   was injected 
intradermally every 2 weeks over a 6-week period followed by monthly injections. 
Sixteen patients had signifi cant p53-specifi c T-cell responses to immunization, but 
this did not translate into a signifi cant  clinical   benefi t, with only one patient demon-
strating a short-lived partial response and fi ve patients having stable disease with 
tumor progression within 6 months. Median OS from the time of fi rst vaccination 
was 11.8 months and 1-year OS was 38 %. The authors suggested that dendritic cell 
function was reduced in most of the patients, possibly due to induction chemother-
apy, which may have reduced the effi cacy of the vaccine.  Chemotherapy   may also 
directly blunt antigen-specifi c, T-cell responses. Interestingly, 75 % of the patients 
who developed a p53-specifi c immune response demonstrated an objective response 
to subsequent chemotherapy which is unexpected given that the response rate in 
relapsed/refractory SCLC is typically 20 % or less. The reason for this degree of 
chemo-sensitivity after vaccination is unclear, but warrants further investigation. 
Despite these predominantly negative results, other vaccine-based approaches are in 
clinical development in SCLC, including a novel peptide  vaccine   targeting HLA- 
A*24-positive SCLC cells. 

 Interferon-α ( IFN-α  ) is a cytokine that promotes antigen presentation on tumor 
cells and stimulates immune response. IFN-α has been evaluated as maintenance 
therapy after chemoradiation for SCLC in two trials. The fi rst study randomized 237 
patients to three arms: maintenance IFN-α, maintenance chemotherapy, or 
 observation, with no difference reported in OS between the arms [ 109 ]. A smaller, 
phase II study also treated patients with induction chemoradiation followed by ran-
domization to one of three arms: maintenance IFN-α plus retinoic acid, mainte-
nance trophosphamide, or observation [ 110 ]. Median OS was not statistically 
different among the three arms at 17, 12 and 14 months, respectively. These and 
other trials have failed to identify a signifi cant clinical benefi t with IFN-α in SCLC 
and further studies were not recommended. 

  Immune checkpoint inhibitors   have shown  promise   in several tumor types, 
including NSCLC.  CTLA-4   is an immune checkpoint protein expressed on acti-
vated T-cells whose main function is to down-regulate T-cell activation [ 111 ]. 
Cancers can hijack the CTLA-4 system in order to escape the host’s natural immune 
response to the malignancy, suggesting that CTLA-4 inhibition may induce a clini-
cally benefi cial, immune, anti-tumor response [ 112 ].  Ipilimumab   is a fully human, 
monoclonal antibody that binds to CTLA-4 and inhibits ligand binding, enhancing 
T-cell activation and infi ltration into tumor tissue.  Ipilimumab   was combined with 
carboplatin and paclitaxel in a randomized, phase II trial in 164 patients with 
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ES-SCLC [ 113 ]. Patients were randomized to one of three arms: carboplatin/
paclitaxel/ipilimumab × 4 cycles followed by 2 cycles of carboplatin/paclitaxel 
(concurrent); carboplatin/paclitaxel × 2 cycles followed by carboplatin/paclitaxel/
ipilimumab × 4 cycles (phased); or carboplatin/paclitaxel/placebo × 6 cycles. 
Patients without tumor progression then received maintenance  with   ipilimumab  o  r 
placebo. The primary endpoint was immune-related (ir) PFS based on newly pro-
posed immune-related response criteria (irRC) that factor in the potential for initial 
tumor progression followed by delayed regression or stabilization. The median 
 irPFS   for the concurrent, phased and placebo arms were 5.7, 6.4 and 5.3 months, 
respectively (HR, 0.64; p = 0.03). The median OS favored the phased ipilimumab 
arm over the concurrent and placebo arms; 12.9, 9.1 and 9.9 months, respectively 
(HR, 0.75; p = 0.13). Tumor response rates also favored the phased arm over the 
concurrent arm, suggesting that chemotherapy may sensitize SCLC to ipilimumab. 
Treatment was generally well tolerated with more rash, pruritus, and diarrhea in 
patients receiving ipilimumab. Given these results, two phase III trials with ipilim-
umab in advanced lung cancer are currently underway. 

  PD-1   is another immune checkpoint receptor expressed by activated T-cells that 
modulates immunosuppression through binding of its ligand, PD-L1. Many cancer 
cells produce and secrete PD-L1, resulting in localized immunosuppression that 
protects the cancer from immune surveillance. A phase Ib trial of pembrolizumab, 
an anti-PD1 antibody, enrolled 20 patients with PDL1-positive SCLC with a 
response rate of 35 % and disease-control rate of 55 % [ 114 ]. Another phase I/II 
study of patients with relapsed SCLC evaluated both single-agent nivolumab, an 
anti-PD1 antibody, and the combination of nivolumab plus ipilumumab, an anti-
CTLA4 antibody. Response rates and disease control rates were 18 % and 38 %, 
respectively, in 40 patients treated with single-agent nivolumab, and 17 % and 
54 %, respectively, in 46 patients treated with the combination [ 115 ]. Further 
trials of PD-1/PD-L1 inhibitors in SCLC are currently under way.  

4.8        Oncolytic Virus Therapy 

 Finally,  oncolytic virus therapy   is an area of active investigation in several tumor 
types. These efforts have faced many challenges that have limited effi cacy, includ-
ing low viral titers, pre-existing host immunity, and lack of viral tropism for cancer 
cells. However, promising results from a phase I study of the oncolytic picornavirus, 
 Seneca Valley Virus (SVV-001)  , in neuroendocrine tumors, including SCLC, gener-
ated renewed interest in this approach [ 116 ]. Thirty patients  with   neuroendocrine 
tumors, including 6 with SCLC, were treated with SVV-001and no dose-limiting 
toxicity was identifi ed. Intratumoral viral replication was noted in vivo with 
increased blood viral titers several days after the initial administration and viral 
clearance several months later. Interestingly, one patient with SCLC resistant to 
several lines of chemotherapy demonstrated a progression-free interval of over 10 
months. The reason for the apparent affi nity of SVV-001 to neuroendocrine tumors 
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remains unknown. Despite these promising fi ndings, a randomized, phase II trial of 
58 patients with ES-SCLC treated with induction chemotherapy followed by either 
the Seneca Valley virus (NTX-010) or placebo was prematurely closed after an 
interim analysis demonstrated no survival benefi t [ 117 ]. The median PFS for both 
NTX-010 and placebo was only 1.7 months and the 3-month OS was also nearly 
identical at 83 % for NTX-010 and 85 % for placebo. Surprisingly, patients with 
detectable  viral   RNA 7 and  14   days post-treatment had a worse PFS compared to 
those with undetectable viral loads.   

5     Conclusion 

 The development of molecular targeted strategies in SCLC has followed a common 
theme:  identifi cation   of a putative target; development of an associated therapeutic 
approach; promising activity in preclinical models; suggestion of clinical activity in 
phase I studies; and abjectly disappointing results in phase II/III clinical trials. Thus 
far, no biologically rational or personalized treatments have demonstrated clinical 
utility in patients with SCLC. Nevertheless, clinical investigators continue to 
develop and evaluate new, molecularly targeted agents and combinations of agents 
in an attempt to overcome the molecular heterogeneity and resistance inherent in 
SCLC. Table  1  lists many such agents that have already been evaluated or are under 
investigation for the treatment of SCLC.

   SCLC offers many unique barriers to the  design and development   of successful 
therapy. Adequate banks of ample tumor samples are relatively hard to come by 
since few patients are eligible for surgical resection and most diagnoses are made by 
fi ne needle aspiration or a small bronchoscopic biopsy. Although numerous cell 
lines have been established, the clinical failure of so many rational strategies sug-
gests that the existing preclinical models do not adequately refl ect the broad molec-
ular heterogeneity of the actual disease in humans. The virtually universal link 
between SCLC and heavy tobacco  smoking   results in a very high mutational burden 
that severely challenges the ability to isolate relevant driver mutations and will 
undoubtedly limit the clinical activity of any single targeted therapy. Clinically, 
patients with SCLC tend to be quite ill at presentation due to the aggressive nature 
of the disease and the multitude of comorbid conditions brought on by years of 
tobacco use. In addition, despite robust tumor responses during initial standard 
treatment, they usually decline rapidly upon disease recurrence, hampering attempts 
for enrollment on investigational clinical trials. 

 Most of the strategies discussed in this chapter were designed in a rational man-
ner with preclinical studies demonstrating interference with a specifi c biological 
target, pathway or process. However, nearly all of them were then clinically evalu-
ated in an empiric manner, enrolling patients who were not selected for any specifi c 
biological characteristic aside from having SCLC. Of all of the completed trials 
described in this chapter, only three of them, all evaluating anti-c-kit therapy, 
selected patients based on the presence of the putative target, and even those trials 
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failed to demonstrate promising clinical activity [ 61 – 63 ]. A recent review of clinical 
trial databases revealed 31 on-going therapeutic studies of molecularly targeted 
agents in SCLC. Of these, only six are utilizing predictive biomarkers to select a 
patient population that might be more apt to respond to the study drug, and only 
seven are incorporating correlative studies aimed at defi ning predictive biomarkers 
for future studies. The optimal development of personalized therapy requires the 
identifi cation and utilization of predictive biomarkers so we can selectively treat 
those who will gain the most while avoiding treatment of those with little to no 
chance for benefi t. 

 The age of personalized medicine in oncology has arrived, but it is still in its 
infancy. Advances in technology are rapidly expanding our ability to identify driver 
mutations across many tumor types and to design novel, biologically rational thera-
peutic strategies. Thus far, few of these strategies have been fully developed into 
clinical reality. The ultimate goal of personalized therapy in oncology is to improve 
the outcome for patients with cancer. This requires the analytical and clinical vali-
dation of predictive biomarkers followed by the demonstration that a therapeutic 
strategy based on these biomarkers has favorable clinical utility. The tools to accom-
plish these goals are already at hand. For patients with SCLC, little has changed 
over the past 30 years. It is hoped that our expanding understanding of the biology 
of SCLC will yield new, personalized interventions that will dramatically improve 
the prognosis and quality-of-life of patients with this dreaded disease.     
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Personalized Radiation Therapy (PRT) 
for Lung Cancer

Jian-Yue Jin and Feng-Ming (Spring) Kong

Abstract This chapter reviews and discusses approaches and strategies of personalized 
radiation therapy (PRT) for lung cancers at four different levels: (1) clinically estab-
lished PRT based on a patient’s histology, stage, tumor volume and tumor locations; (2) 
personalized adaptive radiation therapy (RT) based on image response during treat-
ment; (3) PRT based on biomarkers; (4) personalized fractionation schedule. The cur-
rent RT practice for lung cancer is partially individualized according to tumor histology, 
stage, size/location, and combination with use of systemic therapy. During-RT PET-CT 
image guided adaptive treatment is being tested in a multicenter trial. Treatment 
response detected by the during-RT images may also provide a strategy to further per-
sonalize the remaining treatment. Research on biomarker- guided PRT is ongoing. The 
biomarkers include genomics, proteomics, microRNA, cytokines, metabolomics from 
tumor and blood samples, and radiomics from PET, CT, SPECT images. Finally, RT 
fractionation schedule may also be personalized to each individual patient to maximize 
therapeutic gain. Future PRT should be based on comprehensive considerations of 
knowledge acquired from all these levels, as well as consideration of the societal value 
such as cost and effectiveness.

Keywords Personalized radiation therapy • Biomarkers • Adaptive radiation
therapy • Radiomics • Lung cancer

1  Introduction

Lung cancer is the leading cause of cancer death in the United States and world-
wide [1, 2]. Radiation therapy (RT) plays an important role in the treatment of 
lung cancers, including both non-small cell lung cancer (NSCLC) and small cell
lung cancers (SCLC). The majority of lung cancer patients require RT as a sole
modality or an essential part of a multi-modality approach for cure or palliation. 
However, treatment outcome for lung cancer, primarily measured by tumor con-
trol and overall survival, remains suboptimal. Treatment toxicity can be remark-
able for many patients. Personalized radiation therapy (PRT) tailors an RT regimen 
according to a patient’s individual characteristics, and is one approach to 
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improving treatment outcome. Different patients may have very different tumor 
and normal tissue response to the same RT regimen due to patient heterogeneity. 
These different responses may be predicted by or correlated with patient factors, 
such as stage, tumor histology, patient performance, tumor (target) volume, tumor 
location, measured tumor response and critical organs response to treatment at the 
middle of RT, and various biomarkers. PRT may achieve maximal therapeutic 
gain for each individual patient according to these patient factors for an optimized 
balance of tumor control and treatment toxicity. The total RT dose is the most 
pivotal parameter in customization to improve treatment outcome, and the frac-
tionation schedule of an RT regimen may be another important parameter to be 
personalized in the PRT.

The standard of care for RT has some components of PRT, such as individualiza-
tion based on a patient’s stage, histology and performance status. Standard RT regi-
mens for NSCLC and SCLC, and for patients at different stages, are quite different.
However, PRT has not been well implemented in treatment of patients with the 
same histology and stage with the exception of tumor volume based planning. The 
current standard of care for locally advanced stage NSCLC is still a “one dose fits
all” uniform RT regimen with concurrent chemotherapy. Researches and some clin-
ical trials have been carried out to explore PRT in this level. In this chapter, we will 
discuss PRT approaches and their progress including: (1) clinically established PRT 
based on a patient’s histology, stage, tumor volume and tumor locations; (2) person-
alized adaptive RT based on image response during treatment; (3) personalized RT 
dose based on biomarkers; (4) Personalized fractionation schedule. Finally a sum-
mary of PRT approaches will be given.

2  PRT in Current Practice

PRT has been partially implemented in current practice, exemplified by (1) different
RT regimens established as the standard of care according to a patient’s histology 
(SCLC and NSCLC) and stage (limited stage versus extensive stage for SCLC,
stage I, I/III, versus IV for NSCLC); (2) minor variation of dose prescription based
on a patient’s tumor volume, location, and estimated risk of RT toxicity.

2.1  PRT Based on Histology and Stage

The national comprehensive cancer network (NCCN) has provided detailed guide-
lines of RT regimens for lung cancers with various histology, stages and operational 
status [3]. Table 1 gives a brief summary of these regimens.

For Stage I and IIa non-operative patients (T1 and T2, <5 cm, N0) with 
peripherally located NSCLC, stereotactic body radiotherapy (SBRT) is the stan-
dard of care. Recent results from RTOG236 showed a 3-year primary tumor
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control rate of 97.6 % (95 % CI, 84.3–99.7 %) in patients with medically inoper-
able stage I disease (<5 cm) [4, 5]. The RTOG trial used an RT regimen of
54–60 Gy/fx in 3 fractions [4]. Other fractionation regimens, such as 48 Gy in 4
fractions, 50–55 Gy in 5 fractions have also shown excellent results [6–8]. 
Studies suggest that a BED > 100 Gy is required to have a ~90 % tumor control
rate [6–8]. For clinics without SBRT capability, the conventional fractionation
may be still acceptable.

For Stage I-III NSCLC patients involving surgery, conventional fractionation is
usually used, and RT dose depends on the stage and how surgery is implemented [3, 
9]. A dose of 45–50 Gy in 1.8–2 Gy daily fractions is recommended for preoperative
radiation. When postoperative RT is indicated, the mediastinum is commonly treated 
to 50 Gy in 25 fractions, and regions of extracapsular extension and/or bulky nodal 
disease boosted by an additional 10 Gy. Areas of gross residual disease may be treated 
to 66–70 Gy, if dose to normal structures can be limited. When T3N0 chest tumors
with chest wall invasion are given postoperative RT, the regional nodal area does not 
require postoperative RT if mediastinal nodes were adequately staged surgically. 
However, patients with positive margin should be given 60 Gy postoperatively.

For unresectable stage III diseases, a dose of 60–70 Gy in 30–35 fractions is
usually given, although several single institution and meta-analysis studies suggest 

Table 1 PRT regimens based on histology, stage and performance

Histology, stage, and performance RT regimen

NSCLC
Stage I, IIa (medical inoperable early stage disease)
Stereotactic body radiotherapy (SBRT) is the standard care for
peripheral diseases

34–60 Gy in 1–5 fx

Conventional RT is used for the centers without SBRT capability 70+ Gy in 30–35 fx
Stage I–III combined with surgery Postoperative radiation
Positive or suspicious surgical margins 60 Gy in 30 fx
Mediastinal lymph nodes (N2 and above disease) 50–54 Gy in 25 fx
Chest wall invasion (T3 and T4) 50–60 Gy in 25–30 fx
Preoperative
Radiation combined with chemotherapy 45–50 Gy in 20–25 fx
Marginally operable patients (stage IIIa or lb) 60 Gy in 30–33 fx
Stage III Unresectable patients 60–70 Gy in 30–35 fx
Stage IV
External beam radiation 16–17 Gy in 2 fx

48 Gy in 12 fx
30–45 Gy in 10–15 fx
50 Gy in 20 fx

Intraluminal brachytherapy 10–16 Gy in 2 fx
SCLC

45 Gy in 15 twice daily
54–60 Gy in 27–30 fx

Personalized Radiation Therapy (PRT) for Lung Cancer



178

that dose escalation might improve local control and thus potentially improve the 
survival [10–12]. In the results of RTOG 0617 a 74 Gy arm had worse survival than
a 60 Gy arm [13]. A total dose of 60 Gy in 30 fractions is the current recommended 
dose for stage II/III receiving concurrent chemoradiation.

For stage IV NSCLC disease, a regimen of 30 Gy in 10 daily fractions is typi-
cally used for palliative treatment [14]. While using this dose regimen does initially 
relieve symptoms, it may not have a sustained effect. If patients continue to have 
good performance status and their symptoms improve, an additional 20 Gy in four 
fractions, or 30 Gy in 10 fractions may be delivered to sustain palliative benefit [9]. 
Other palliative regimens in use include 10 Gy×1, 4 Gy daily×5, 8.5 Gy weekly×2,
3Gy daily×13 or 15, 2.5 Gy daily×20 or even 2 Gy daily×30, based on a recent
survey performed among ASTRO members [9]. Selection of regimen should be 
based on comprehensive consideration of age, performance status, tumor burden, 
and symptoms of each individual patient. Patients with poor performance status, 
and patients with large distant tumor burden regardless of their performance status, 
should be treated by a short course of relatively low dose radiotherapy. A definitive
dose of radiation with combined chemotherapy may also be acceptable for patients 
with good performance and limited distant disease (such as solitary brain metasta-
sis). There is limited evidence showing that higher dose thoracic radiation is associ-
ated with extension of survival in patients with good performance status [14].

For SCLC patients, RT is delivered early and concurrently with cisplatin-based
chemotherapy. The standard of care RT regimen is 45 Gy in 1.5 Gy twice-daily frac-
tions [9]. If hyperfractionation is not possible, a dose of at least 54–60 Gy in 2 Gy
daily fractions should be given. If chemotherapy has been given prior to thoracic 
RT, 50–54 Gy in 1.8–2.0 Gy fractions should be given to complete responders and
60 Gy to partial responders. Daily fractionation with higher dose (60–70 Gy in 2 Gy
fractions) is also an acceptable alternative [9].

2.2  Variation of Dose Prescription Based  
on Estimated Toxicity

A simple and clinically feasible PRT approach for stage III patients is to modify the 
standard dose prescription to the tolerance of organs at risk (OAR) with the aim of
serious toxicity rate <5 %, and/or other iso-toxicity criteria. A patient’s potential
toxicity from the standard prescription dose (60 Gy in 30 fractions) can be esti-
mated by clinically-derived normal tissue complication probability (NTCP) mod-
els. The prescription dose of the patient can be increased or decreased based on 
estimated toxicities. For patients with relatively small tumor volumes, tumors in a 
peripheral location, or tumors relatively far away from OARs, OARs usually
receive less dose resulting from target prescription optimization. Thus, estimated 
toxicities will be relatively lower than “the safe limit”, so that a higher prescription
dose (usually 66–74 Gy) can be given to these patients. On the other hand, patients
with large tumor volumes, or a tumor in a disadvantageous location may require a 
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lower prescription dose (<60 Gy) due to concerns of toxicity. Therefore, PRT is 
based on patients’ tumor volume and location and is often unconsciously practiced 
by many clinicians in a single case-based setting.

Reliable clinical data based-NTCP models for various OARs are often required to
implement PRT. Many studies have been performed to derive NTCP models and
setup radiation dose tolerance criteria for OARs [15–18]. During 2008–2010, the
American Society of Therapeutic Radiology and Oncology (ASTRO) and American
Association of Medical Physicists (AAPM) sponsored a Quantitative Analyses of
Normal Tissue Effects in the Clinic (QUANTEC) to determine the best NTCP mod-
els for each organ [15]. The radiation therapy and oncology group (RTOG) has also
set up their own radiation dose tolerance criterion for each organ for their multi- 
center clinical trials. For treatment of lung cancer, the three major OARs are the lung,
esophagus and heart. The lung NTCP model has been well studied. The mean lung 
dose was found to be a very reliable estimation for NTCP [18]. Table 2 shows the 
NTCP dosimetric limits for lung, heart and esophagus used in the RTOG 1106 trial.

3  Personalized Adaptive RT Based  
on Image Response during RT

Radiation treatment of locally advanced NSCLC usually takes 6 weeks or more.
Tumor and normal tissue response to radiation can be detected by nuclear medicine 
imaging during the course of the typical 6-week treatment regimen (such as after 
2–4 weeks of starting RT). The RT regimen may be individually tailored according
to the response measured in a particular patient. For patients with great tumor 
response (significant tumor shrinkage), the radiation field can be shrunk accord-
ingly to reduce the volume of the normal tissue irradiated. Two potential strategies 
may be used for adaptive RT according to the tumor response based on different 
assumptions: (1) Dose escalation is applied to the residual tumor volume for all 

Table 2 Dose tolerance limits for lung, heart and esophagus used in the RTOH 1106

Structure 
name Description Metric

Tolerance per 
protocol

Lungs Lungs minus Pre-RT GTV Max dose (Gy, 0.03 cm3) ≤110 % Rx dose
Mean dose (Gy) ≤20 Gy
Volume >20 Gy (%) ≤35 %
Volume>5 Gy (%) ≤65 %

Heart Heart/Pericardium (see Atlas  
in RTOG)

Max dose (Gy, 0.03 cm3) ≤70 Gy
Mean dose (Gy) ≤30 Gy
Volume>30 Gy (%) ≤50 %
Volume>40 Gy (%) ≤35 %

Esophagus Esophagus Max Dose (Gy, 0.03 cm3) ≤74 Gy
Mean Dose (Gy) ≤34 Gy
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patients according to an iso-toxicity criterion at a save level, assuming that low 
radiation dose is the major factor for the poor local control and overall survival; (2)
Dose escalation is applied only to poor responders, while dose de-escalation may be 
applied to good responders, assuming good responders have more radiosensitive 
tumors, and the standard dose (such as 60 Gy in 30 fractions) is sufficient for tumor
control. In addition, treatment regimen may also been adapted according to normal 
organ response observed during the course of treatment.

3.1  Imaging Tumor Response

An image modality that can accurately measure tumor response during RT is the 
key for personalized adaptive RT. Both computed tomography (CT) and positron
emission tomography (PET) have been reported to measure the tumor response after 
partial treatment of RT [19–25]. Kupelian et al. studied the tumor volume change in
10 patients with daily MV CT in a Helical Tomotherapy HiArt machine, and found
an average of 1.2 % reduction in tumor volume per day [19]. These 10 patients 
exhibited large heterogeneity in tumor volume reduction. Kong et al. demonstrated
that when FDG-PET is performed during-RT at appropriate times, treatment related 
inflammation causes confounding effects only negligibly [23]. It was found that 
FDG uptake and metabolic tumor volume (MTV) decreased significantly after
40–50 Gy of fractionated RT, and significantly correlated with findings of PET
images 3–4 months after treatment. Thus, during-RT FDG-PET can potentially be
used for prediction of treatment outcome, evaluation of response in the middle of 
treatment, and adaptation of remaining treatment [23]. These findings were con-
firmed later by other researchers [24–26]. An advantage of FDG-PET over CT in 
personalized adaptive RT is that reduction of CT tumor volume during RT does not 
reflect tumor killing (the dead cells were not immediately dissolved). It was reported 
that reduction in MTV was 20 % greater than reduction of the CT-gross tumor vol-
ume (GTV) during RT, and MTV can be defined more reproducibly [27]. It was also 
found that adapting the planned target volume to the reduced MTV with a fixed
composite NTCP of 15 % allows escalation of the total dose by 30–102 Gy (mean:
58 Gy) or a reduction in NTCP if the dose remained unchanged [28]. Using the
MTV during RT, tumor dose can be escalated above 74 Gy while keeping lung
NTCP unchanged in a majority of patients with stage III NSCLC [29].

3.2  Personalized Adaptive RT Strategies According  
to Tumor Response

A prospective phase 2 single institution clinical trial of the personalized adaptive RT 
using the first strategy mentioned above to escalate radiation dose to the resistant
part of tumors was conducted at the University of Michigan in patients with locally
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advanced NSCLC [29]. During-RT FDG-PET image was used as the imaging 
modality to measure the tumor response after 18–19 fractions of treatment, and the
RT regimen for the final 9 fractions were adapted to cover the residual MTV. The
total number of fractions was fixed to 30, therefore the dose per fraction varied from
2.2 to 3.8 Gy. An iso-toxicity of 17 % chance of grade 2 and above PILT estimated
from a mean lung dose NTCP model, and strict limitations of esophageal and heart 
doses as listed in Table 2, were used as the criteria to limit the RT dose. Figure 1 
shows the schematics of the design. The adaptive plan was generated so that not 
only the dose to the residual MTV was escalated; the doses to the pre-RT PTV, CTV
were also designed to reach at least 50 and 60 Gy, respectively. Figure 2 shows the 
initial plan and the adaptive plan for the first patient. Preliminary results demon-
strated overall survival at 1 and 2 years follow up significantly better than conven-
tional RT of patients with stage III NSCLC treated with concurrent and adjuvant
carboplatin and paclitaxel (Fig. 3). This concept has also been developed into a 
multicenter phase II clinical trial. RTOG 1106 was opened in 2012 and over 85
patients have been treated under the protocol.

The other strategy of personalized adaptive RT would be a very attractive 
approach if during-RT images can be used as a biomarker to predict a patient’s 
radiosensitivity. Patients with greater tumor response may be more radiosensitive, 
thus a lower radiation dose may be required to control the tumor. RTOG 0617, a
randomized phase 3 multicenter clinical trial, showed a surprised result that a 60 Gy 
arm had better overall survival than a 74 Gy arm [13]. This suggests that a good 
portion of patients may achieve complete tumor control after a radiation dose of 
60 Gy, and this group of patients may suffer from treatment complications if radia-
tion dose is escalated. During-RT PET may be used to identify this group of patients. 
Chui et al. studied 106 patients with during-RT (10–12 days after starting RT) and
found that maximum standard uptake value (SUV) significantly correlated with
tumor control [26]. This result is consistent with the results of Kong et al. [23], and 
suggests that maximum SUV of during-RT PET may be used as a biomarker to
predict tumor radiosensitivity.

Fig. 1 Schematics of the design of the personalized adaptive RT according to the during PET-CT 
images. Re-simulation and PET-CT at 45–50 Gy. The final plan will achieve the following goals:
During-RT PET-PTV: as high as possible dose limited by 17.2 % NTCP of lung (mean lung dose
of 20 Gy); During-RT CT-PTV ≥ 70 Gy; Pre-RT CTV ≥ 60 Gy; Pre-RT PTV ≥ 50 Gy
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Fig. 2 Initial plan and the adaptive plan for the first patient using the during PET-CT image for
re-planning. (a) Pre-RT plan in CT image: 17.2 % lung NTCP~70 Gy; (b) The same pre-RT plan 
in PET image; (c) During-RT personalized adapted composite plan in During CT image: 17.2 %
lung NTCP ~81 Gy to during-RT PET-MTV; (d) The same during-RT personalized adapted plan 
in PET image. Note the tumor response in the during RT PET. This patient had futile thoracotomy 
before, is currently doing well at 2 years with no evidence of tumor progression

Fig. 3 preliminary results of comparison of local reginal control (LRC), local regional progression-
free survival (LRPFS), progression-free survival (PFS), and overall survival between patients
treated with personalized adaptive RT and patietns treated with conventional RT
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3.3  Imaging Normal Tissue Response

OARs also change during the course of radiation therapy. Many image modalities,
including, CT, magnetic resonance image (MRI), PET, and single photon emission
computed tomography (SPECT), have been used to detect normal tissue response to 
radiation [30–49]. CT has been used to measure the change of radiopacity after 
radiation of lung tissue, and it was found that the change of radiopacity correlated 
with the radiation dose and the lung toxicity (such as radiation pneumonitis, cough 
and dyspnea) [31, 32]. MRI was used to measure lung density [33] and asymmetric 
enhancement on dynamic perfusion [34], which was shown to correlate with radia-
tion pneumonitis. Increased FDG uptake was found in lung and esophagus on PET 
imaging, and correlated to lung and esophageal toxicities [35–41]. SPECT is an 
imaging modality that can directly measure the lung and heart function for their 
perfusion and ventilation, and it has been used to measure the radiation-induced 
changes in lung and heart function [31, 42, 43]. It was reported recently that lung 
ventilation can be derived from the patient’s 4-dimensional CT [44–46]. However, 
most of these studies were performed after RT was completed. Therefore, there was 
no opportunity to alter the RT regimen.

Kong et al. observed increased FDG uptake on during-RT PET in the lung after
40–45 Gy of RT [23]. However, a correlation between FDG uptake and radiation 
induced lung toxicity (RILT) was not established. De Ruysscher et al. reported that
in 18 patients, FDG uptake in the irradiated area of the lung outside GTV 7 and 14
days after initiating RT significantly correlated with the grade 2 or higher Dyspnea
[47]. Li et al. reported in an abstract that in 84 patients, during-RT FDG uptake
significantly correlated with RILT (p=0.002) [48]. Yuan et al. studied during-RT 
ventilation/perfusion (V/Q) SPECT in 56 stage I-III NSCLC patients [49]. Both
studies found that both V and Q SPECT indicated improved lung function after
~45 Gy of radiation treatment, especially in the ipsilateral side of lung. This data
suggests that some poor lung function regions measured by SPECT before RT 
resulted from tumor-based impairment of functional structure. Radiation treatment 
shrank the tumor and thus opened some of the functional structures and improved 
lung function. During-RT SPECT may identify which non-functional regions are 
due to intrinsic lung tissue damage, and which regions are due to tumor blockage 
and can be recovered after tumor to be controlled. Such information may be used for 
personalized adaptive RT plan to direct radiation beams to regions with intrinsically 
damaged lung tissue.

4  Individualized RT Based on Biomarkers Before RT

A patient’s response to RT, including both tumor and normal structure responses, 
may differ remarkably from others, and may depend on the person’s genomic char-
acteristics, and thus may been predicted by biomarkers before the treatment starts. 
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Many studies have been performed to search for biomarkers to predict prognostics
factors, tumor response and treatment toxicities in NSCLC [50–52]. These bio-
markers have a broad spectrum and the concept is still evolving. The National 
Institutes of Health Biomarkers Definitions Working Group defined a biomarker as
“a characteristic that is objectively measured and evaluated as an indicator of nor-
mal biological processes, pathogenic processes, or pharmacologic responses to a 
therapeutic intervention” [53, 54]. A joint venture on chemical safety, the
International Program on Chemical Safety, has defined a biomarker as “any sub-
stance, structure, or process that can be measured in the body or its products and 
influence or predict the incidence of outcome or disease” [53]. For lung cancer, 
these biomarkers mainly include genomics, proteomics, microRNA, cytokines, 
metabolomics from tumor and blood samples, and radiomics from PET, CT, SPECT 
images. The biomarkers from tumor tissue have been widely studied for personal-
ized medicine in chemotherapy and target therapy based treatment in lung cancer, 
which are discussed in detail in other chapters and are often not available for radia-
tion oncology patients. This section will focus on the blood sample-based biomark-
ers, image biomarkers and their applications in PRT.

4.1  Genomic Biomarkers in Blood

Single nucleotide polymorphism (SNP) is a genomic biomarker which can be deter-
mined from a patient’s blood sample and be used to predict a patient’s response to 
RT, in either tumor and normal tissue. A SNP is a DNA sequence variation occurring 
when a Single Nucleotide (A, T, C or G) in the genome (or other shared sequence) 
differs between members of a biological species or paired chromosomes. SNPs usu-
ally occur more often in the non-coding area in the genome sequence. These genetic 
variations may underlie differences in the way our body responds to treatments. 
When a patient is under RT treatment, many cells, including tumor and normal tissue 
cells, suffer from radiation induced DNA damage in terms of single or double DNA 
strands break. The repair of DNA may differ between patients due to the difference 
in SNP genotypes, thus the patient may have different radiation sensitivities.

Yuan X et al. studied the association of SNPs in the transforming growth factor 
beta 1 (TGFβ 1) gene and risk of radiation pneumonitis (RP) in 164 NSCLC patients
treated with RT [55]. They found CT/CC genotypes of TGFbeta1 rs1982073:T869C
to be associated with a statistically significantly lower risk of RP grades ≥2 (hazard 
ratio [HR] = 0.489; 95 % CI, 0.227–0.861; P = .013) and grades ≥3 (HR = 0.390;
95 % CI, 0.197–0.774; P = 0.007), respectively, compared with the TT genotype,
after adjustment for Karnofsky performance status, smoking status, pulmonary
function, and dosimetric parameters. Kelsey CR et al. also reported an association
between SNP genotype and increasing slope of the dose–response curves (DRC) in
SPECT lung [56]. The correlation of DRC with G(1301) A in XRCC1 (rs25487)
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was P = 0.01 and to G(3748) A in BRCA1 (rs16942) was P = 0.03. These results
suggest that the SNPs may predict the radiation sensitivity of the lung tissue.

Tucker et al. have incorporated SNPs into a normal-tissue complication probabil-
ity (NTCP) model to predict radiation pneumonitis (RP) risk [57]. Five SNPs (in 
genes for TGFβ, VEGF, TNFα, XRCC1 and APEX1) were selected from 16 SNPs 
from 10 different genes (XRCC1, XRCC3, APEX1, MDM2, TGFβ, TNFα, TNFR, 
MTHFR, MTRR, and VEGF) to incorporate into a mean lung dose based NTCP
model from 141 NSCLC patients. As shown in Fig. 4, patients with 0, 1, and 2+ 
adverse SNPs showed 3 different NTCP dose response curves. The study also shows 
that with smoking status included in the multivariate model, the SNPs significantly
associated with increased risk of RP in genes for TGFβ, VEGF, and XRCC3. The 
same research group used this SNP-incorporated NTCP model to test the potential 
benefits of PRT in a virtual clinic trial for 139 NSCLC patients treated with RT with
radiation doses varying from 60 to 72 Gy [58]. They found that there were 82
patients (59 %) who would had a change in prescription of 5 Gy or more (either
dose escalation or de-escalation), and 26 patients (19 %) would have had changes of
20 Gy or more. For 96 % of patients who developed radiation pneumonitis the
model predicted that the prescription would have been lowered.

Kong et al. studied SNPs in blood samples of 119 NSCLC patients treated with
RT with or without chemotherapy [59]. Twenty four SNPs in 11 genes were focused 
in the study. These SNPs were selected because they are located in one of the DNA 
repair pathways and have a minor allele frequency of at least 10 %, or they were
previously reported association with toxicity, tumor response, outcome or cancer 

Fig. 4 Normal tissue complication probability (NTCP) dose response curves for patients with 0, 
1, and 2+ adverse SNPs. The NTCP curve for patients with 0 adverse SNPs is least radiosensitive 
(Data from Tucker SL et al., Int J Radiat Oncol Biol Phys. 85:251–7.)
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risk. Five SNPs (ERCC2_rs238406, ERCC1_rs11615, ERCC1_rs3212948,
XRCC4_rs9293329, XRCC4: rs2075685) were found to be independently associ-
ated with overall survival (OS) [59]. Figure 5a shows OS curves for three different
groups according to the number of unfavorable genotypes (UFGS) in the 5 SNPs:
(1) UFGS=0–1, (2) UFGS=2–4, and (3) UFGS=5. These three groups of patients
had significantly different survival. The OS of two different genotypes of patients
(high risk: UFGS=2–5, and low risk: UFGS=0–1) were also compared for differ-
ent radiation doses (high dose: ≥70 Gy, and low dose: <70 Gy) Fig. 5b. Patients in 
both genotype groups showed survival benefit with higher radiation dose.
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Fig. 5 SNPs in DNA repair genes on overall survival and their interaction with radiation doses. 
(a) Overall survival curves for three different groups according to the number of unfavorable geno-
types (UFGS) in the 5 SNPs: (1) UFGS =0–1, (2) UFGS =2–4, and (3) UFGS=5. (b) The OS of
two different genotypes of patients (high risk: UFGS =2–5, and low risk: UFGS=0–1) were com-
pared for different radiation doses (high dose: ≥70 Gy, and low dose: <70 Gy). Patients in both 
genotype groups showed survival benefit with higher radiation dose
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4.2  micro-RNA Biomarkers in Blood

Micro-RNAs (miRNAs), a class of noncoding RNA about 18–25 nucleotides in
length, are important post-transcriptional regulators of gene expression and are 
implicated in central biological processes such as development, cell proliferation, 
differentiation and apoptosis. It was reported that they were promising biomarkers 
for early cancer detection and prognosis [60–62]. Several miRNAs, including miR- 
15b, miR-34a; miR-221 and miR-130b, have been identified as associated with
treatment response or prognosis for various cancers [63–66]. The expression of 
miRNAs can be measured in both tumor tissue and blood circulation. Detection in 
blood circulation is the preferred choice because the availability of blood samples. 
Many studies have demonstrated that miRNA can be stably, repeatable and reliably
measured in serum/plasma [60–66]. While the miRNAs are potential biomarkers for 
prediction of treatment response, few study have demonstrated their potential to 
predict the response for RT.

Our group studied a panel of 84 detectable miRNAs in the circulating serum
of 100 NSCLC patients from University of Michigan (UM) [67]. An miRNA 
signature consisting of 5 miRNA markers, which is expressed as 
 0.53*log(hsa-miR- 15b) + 0.21*log(hsa-miR-34a)−0.27*log(hsa-miR-
221)−0.27*log(hsa-miR- 224)−0.07*log(hsa-miR-130b), was found and vali-
dated to be associated with the OS. The 100 patients were first randomized into
a training group (47 patients) and a validation group (53 patients). Using only
the training set, the signature was defined and patients were separated into high-
risk and low-risk groups according to their signature values (> or < median value
in the training group). Figure 6a, b show the comparison of survival curves for 
the high risk and low risk groups in training group and validation group, respec-
tively. The result showed that there is a significant difference in OS between the
high risk and low risk groups.

The high and low risk patients were also compared for different radiation 
doses (Fig. 7). The equivalent dose at 2 Gy/fraction (EQD2) of 70 Gy (median
dose for these patients) was used to separate the high and low dose groups 
(Fig. 7a), and EQD2 = 83 Gy (BED = 100 Gy), a cut-off dose reported by many
series for optimal tumor control for stereotactic body radiotherapy (SBRT) of
lung cancers, was used as another stratification (Fig. 7b). It is interesting to note 
that low-risk patients (marker group 1) have, and the high-risk patients (marker 
group 2) do not have, the survival gain if dose is escalated to >70 Gy (Fig. 7a). 
On the other hand, while the high risk patients have survival gain if dose is esca-
lated to >83 Gy (EQD2), low risk patients do not (Fig. 7b). These results suggest 
that this biomarker signature can differentiate between patients who will benefit
from dose escalation at different dose levels and those who will not. At 70 Gy 
(EQD2) level, the high risk patients have limited gain of dose escalation, possi-
bly, because the patients are in the beginning region of the sigmoid dose–response
curve. On the other hand, at 83 Gy (EQD2) level, the low risk patients have
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limited gain of dose escalation because they may be at the plateau region of the 
sigmoid dose–response curve.

We also investigated the relationship between 84 miRNA markers and grade 2+
radiation pneumonitis (RP) [68]. Seventeen out of 100 NSCLC patients treated with
RT developed grade 2+ RP. Nine miRNA markers showed significance in indepen-
dent- t test and univariate logistic regression. However, only one marker, the hsa- 
miR-191, showed a significant correlation (P=0.01) using multivariate logistic
regression. Figure 8 shows the incidence of cumulative RP over time for patients 
with low, median and high miR-191 levels. These results suggest miR-191 level
may predict the incidence of RP.

Fig. 6 MicroRNA signature on overall survival (OS) for the training and validation dataset. (a) 
Comparison of OS between the high and low risks miRNA signature for the training dataset and
(b) for the validation set
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4.3  Cytokine Biomarkers in Blood

Cytokines are a broad and loose category of small proteins that are important in cell 
signaling. They are released by cells and affect the behavior of other cells, and 
sometimes the behavior of the cell itself. One important function of cytokines is
mediation of intercellular signaling to regulate homeostasis of the immune system. 
The effects of individual cytokines on immune response depend on several factors, 
including the local cytokine concentration, the pattern of cytokine receptor 

Fig. 7 MicroRNA on overall survival and dose response relationship at different dose levels. (a) 
comparison of the two groups of patients with low risk microRNA biomarker signature (marker 
group 1) and high risk microRNA biomarker signature (marker group 2) for two dose groups sepa-
rated at 70 Gy; (b) comparison of the same two groups of patients with low and high risk biomark-
ers for 2 dose groups separated at 83 Gy (BED 100 Gy). We noted that the low-risk patients had,
and the high-risk patients did not have, the survival gain when dose was escalated to >70 Gy. On
the other hand, the low risk patients did not have, while the high risk patients had, the survival gain 
when dose was escalated to >83 Gy. These suggest that the low risk patients should have the dose
at ≥70 Gy, while the high risk patients should have the dose at ≥83 Gy
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expression and the integration of multiple signaling pathways in responding immune 
cells. Recently, it was reported that the immune system plays an important role in 
RT of cancers, and immunotherapy and RT may act synergistically in cancer treat-
ment [69, 70]. The levels of cytokines in the plasma may represent a status of inter-
action balance between the immune system and the tumor microenvironment, and 
thus may be associated with the outcome of RT treatment. Radiation treatment may 
break this balance, and the response of the treatment, including both tumor and 
normal tissue responses, may be reflected by the cytokine expression in the plasma. 
Common cytokines studied in the field of RT include granulocyte-macrophage col-
ony stimulating factor (GM-CSF), interleukin (IL), interferon (IFN); tumor necrosis
factor (TNF); transforming growth factor (TGF).

As early as 1999, Kong et al. reported that in 59 lung cancer patients, the patients
without evidence of disease after RT or ChemoRT had significantly lower pre-
treatment TGFß1 level (6.0 ± 1.0 ng/mL) than those patients with diseases after
treatment (12.5 ± 1.7 ng/mL) [71], suggesting that patients with low initial TGFß1 
level have better outcome. Plasma TGFß1 level was 4.9 ± 0.7 ng/mL in 104 non
cancer patients, and was 4.4 ± 0.2 ng/mL in normal volunteers. Zhao et al. reported
that in 65 Stage III NSCLC patients TGF-ß1 ratio (during-RT/pre-RT TGF-ß1
level) was significantly correlated with OS [72]. The median OS was 30.7 months
for patients with TGF-ß1 ratio ≤1 versus 13.3 months for those with TGF-ß1 ratio 
>1 (p = 0.0029). Other cytokines, such as hepatocyte growth factor (HGF), inter-
leukin-6 (IL-6), and nicotinamide N-methyltransferase (NNMT), have also be
reported to correlate with the prognostics of lung cancers [73, 74]. However, 
because these mechanisms are not well understood, the roles of these biomarkers 
in PRT are limited.

Many studies have reported that levels of inflammatory cytokines such as TNF-α, 
IL-1β, IL-6 and TGF-β1in plasma during RT predict radiation pneumonitis [75–78]. 

Fig. 8 Comparison of cumulated RP incidence with time for patients with low, median and high 
miR-191 levels
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Stenmark et al. found that the IL-8 level and TGF-ß1 ratio (between week-2 to
baseline) may be predictive factors for RP [79]. Figure 9 compares IL-8 level (A)
and the TGF-ß1 ratio (B) for patients with and without RILT at baseline, week-2
and week-4. The patients with RP had significantly higher levels of IL-8 at baseline,
week-2 and week-4, and significantly higher TGF-ß1 ratios at week-2 and week-4.

A personalized toxicity model combining IL-8 and TGF-ß1 with mean lung dose
(MLD) yielded an improved predictive ability (AUC 0.80, 95 % CI 0.66–0.94,
p<0.001) as compared to MLD or any one variable individually [79]. Table 3 shows 
RILT risk grouping based on MLD, TGF-ß1, and IL-8. MLD≥ 14 Gy, pre-treatment 
IL-8<7.6 pg/mL, and 2-week TGF-ß1 ratio ≥0.5 are the 3 risk factors. A validation 
study with 58 cases has been completed and it showed that for patient with 3 risk
factors, the possibility of RILT reaches 75 % (Table 3).

However, cytokines are produced not only in normal lung tissue after irradiation, 
but are also over-expressed in tumor cells of NSCLC patients. The confounding
effects of tumor-derived cytokine production may greatly influence the predictive 
value of RILT. A comprehensive model incorporating both effects may be needed in
order to use cytokine information for PRT.
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Fig. 9 Correlation of Cytokine levels and radiation induced lung toxicity (RILT). Comparison of
IL-8 level (a) and the TGF-ß1 ratio (b) for patients with and without RILT at baseline, week-2 and
week-4

Table 3 Personalized Radiation-induced lung toxicity (RILT) model combining 3 biophysical
risk factors: 1) mean lung dose (MLD), 2) IL-8, and 3) TGF-β1

Risk groups No RILT With RILT %RILT

0 risk factors  5 0  0
1 risk factor 18 1  5
2 risk factors 23 3 12
3 risk factors  2 6 75

Radiation-induced lung toxicity (RILT) risk factors are:
1st factor: MLD ≥14 GY
2nd factor: Interleukin8 (IL-8) <7.6 pg/ml
3rd factor: 2-week transforming growth factor beta1 (TGF-ß1)/baseline ≥0.5
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4.4  Image Biomarkers

As discussed in Sect. 2, images can be used to directly measure treatment response 
and thus for personalized adaptive radiotherapy. Images can also be used as bio-
markers to predict a patient’s tumor and normal tissue response to treatment before 
starting treatment, because some features of the images may reflect the intrinsic 
characteristics of a tumor and normal structures and their responses to the treatment. 
Recently, the term “radiomics” has been used to describe an approach of high-
throughput extraction of large amounts of quantitative image features from radio-
graphic images [80, 81]. The hypothesis is that quantitative analysis of medical 
image data through automatic or semi-automatic software of a given imaging 
modality can provide more and better information. This is supported by the fact that 
patients exhibit differences in tumor shape and texture measurable by different 
imaging modalities [80, 81]. In addition, advanced image analysis on conventional 
and novel medical imaging may capture additional information not currently used, 
and more specifically, that genomic and proteomics patterns can be expressed in
terms of macroscopic image-based features.

Tumor shape and texture are important features in radiomics. Several texture 
analysis mathematical methods, including statistical-, model-, and transform-based 
methods, can be used to evaluate ‘texture features’ that provide a measure of intral-
esional heterogeneity for a patient [80–85]. The simplest approach is to use a 
statistical- based methodology with the pixel intensity histogram [80–84]. Parameters 
such as mean intensity, maximum intensity, minimum intensity, uniformity (unifor-
mity of gray-level distribution), standard deviation of the gray-level histogram dis-
tribution, skewness (asymmetry of the histogram), and kurtosis (flatness of the 
histogram) can be quickly calculated using this approach. Other more complicated
parameters, such as entropy (randomness of the matrix), energy/angular second 
moment (pixel repetition/orderliness and measures the homogeneity of an image), 
homogeneity (uniformity of concurrence matrix), dissimilarity (measurement of 
how different each element in the matrix is), and correlation (measurement of gray- 
tone linear dependencies) can be determined using a second-order statistics approach 
[80–84]. The fractal dimension is another measure to characterize the surface 
roughness of an image object, and can be determined using a model-based fractal
analysis method [85].

Texture uniformity of the tumor in CT images was found to be a poor prognostic 
factor for NSCLC patients [83, 84]. Uniformity, entropy and fractal dimension in
CT images have also been reported to correlate with the mean SUV of FDG PET
image in NSCLC and esophageal cancer patients [86]. Kuo et al. reported the asso-
ciation of CT-derived imaging features with histo-pathologic markers, and several 
pre-defined gene expression modules on liver cancer [87]. For PET imaging, the 
maximum and median FDG uptake has been reported to have strong prognostic 
power [88]. Shape and texture features of FDG PET images have also been investi-
gated for correlation with treatment response. El Naqa et al. demonstrated that sev-
eral first- and second-order statistical textural features (energy, contrast, local
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homogeneity, and entropy) are useful in predicting outcome in head and neck (n =9)
and cervical cancer (n=14) [89]. These methods achieved an area under curve 
(AUC) of 0.76 and 1.0 for the cervix and head and neck cohorts, respectively [89]. 
Tixier et al. have investigated its clinical application in 41 patients with esophageal 
cancer treated with chemoradiation and shown that baseline FDG PET texture is a 
sensitive predictive marker [90]. They found that local (i.e., entropy and homogene-
ity) and regional (i.e., size and intensity variabilities) texture parameters performed 
better than standard SUV measurements in differentiation of responders from non-
responders following chemoradiation. The sensitivity, specificity, and AUC for
SUVmax were 53 %, 73 %, and 0.59 compared to 73 %, 88 %, and 0.89 for local
homogeneity in identifying responders [90].

In NSCLC, SUV measures of FDG uptake on the PET image before RT may also
be used as a biomarker to predict radiation induced lung toxicity [91, 92]. The 
hypothesis is that pretreatment inflammation in the lung makes pulmonary tissue 
more susceptible to radiation damage. Petit SF et al. retrospectively studied 101 
NSCLC patients treated with Chemo-RT [91]. FDG uptake in the lung volume, 
excluding clinical target volumes in the Pre-RT PET was related to RILT after RT in
univariable logistic regression [91]. The 95th percentile of the FDG uptake in the
lungs remained significant in multivariable logistic regression (p=0.016; odds ratio
[OR]=4.3). Castillo R et al. performed similar work and confirmed that FDG uptake
in pre-RT PET predict RILT [92], another potential tool to guide PRT.

5  Personalized Fractionation Schedule in PRT

Fractionation schedule could be an important part in PRT. However, there have been 
few studies on this topic. The conventional fractionation schedule of 1.8–2 Gy/frac-
tion was based on clinical experiences in the 2-dimensional (2D) radiotherapy era. 
The dose delivered to the tumor was usually similar as the dose to the normal tissue 
in the 2D era. Because the α/β ratio is usually much lower for the normal tissue than 
for the tumor, a fractionation schedule with smaller dose/fraction would benefit a
patient based on the therapeutic ratio calculated from the linear-quadratic (LQ)
model. However, reducing the dose/fraction prolongs the treatment duration, and 
thus greatly reduces the power of radiation killing due to the tumor cell repopulation 
effect. The conventional 1.8–2 Gy/fraction was a balance of these 2 factors. With
the rapid development of RT technology, such as 3D conformal RT, intensity modu-
lated RT, and image-guided RT, radiation dose to the normal tissue has been greatly 
reduced. A dose-volume histogram (DVH) is usually used to represent the dose 
received by an organ at risk (OAR) and the tumor. The doses for the OARs are usu-
ally much lower than that of the tumor, and may depend largely on the tumor vol-
ume and location. Thus, a different fractionation schedule may need to be established 
for treatment with current technology.

Jin et al. demonstrated that hypo-fractionation (large dose/fraction) offers a 
higher therapeutic ratio than conventional fractionation for relatively small tumors, 
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while conventional fractionation generally offers a therapeutic advantage for 
patients with large tumors for lung cancers in a theoretic study [93]. The therapeu-
tic ratio was calculated based on the LQ model with the α/β ratio being 10 Gy for 
the tumor, and 3 Gy for the lung. The underlying principle of this fractionation 
effect on the therapeutic ratio was well illustrated by Gay et al. using a simple iso-
dose line based approach [94]. As shown in Fig. 10, the 30 % isodose line divides
the lung tissue into two regions (the number 30 % is calculated as the ratio of α/β 
ratio of normal lung tissue and the tumor, which are 3 and 10 Gy, respectively). For 
the region >30 %, the lung BED decreases with increasing fraction number, sug-
gesting a benefit for conventional fractionation. On the other hand, for the region
<30 %, the lung BED increases with increasing fraction number, suggesting a ben-
efit for hypo-fractionation. For a relatively small tumor, the 30 % isodose line will
encompass only small part of lung volume so that overall, hypo-fractionation is 
usually preferred. On the other hand, for large tumor, the isodose will encompass a
large volume of lung, and thus conventional fractionation is preferred. Myerson
also independently derived a hypo-fractionation sufficiency condition and a
hyper-fractionation sufficiency condition to determine whether hypo- or hyper-
fractionation may have the therapeutic advantage [95].

However, these studies used a simple LQ model without considering the tumor
cell repopulation effect. Consequently, the calculated optimal fractionation regimen 
was either a single fraction, or one with infinite fraction (hypo-fractionation was
considered as the choice if the optimal fractionation corresponding to a single frac-
tion, and conventional fractionation was considered to be the choice if the optimal 
fractionation corresponding to infinite fractions). Xiao et al. have used a potential

Fig. 10 A simple isodose line based approach to illustrate the fractionation effect. The left figure
shows the how BED varies with the isodose line for different fractionation schedule. The 30 %
isodose line divides the lung tissue into two regions (the number 30 % is calculated as the ratio of
α/β ratio of normal lung tissue and the tumor, which are 3 and 10 Gy, respectively). For the region 
>30 %, the lung BED decreases with increasing fraction number, suggesting a benefit for conven-
tional fractionation. On the other hand, for the region <30 %, the lung BED increases with increas-
ing fraction number, suggesting a benefit for hypo-fractionation (Data from Gay HA, Jin JY,
Chang AJ, et al. Int J Radiat Oncol Biol Phys 85:e81–87)
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doubling time (Tpot) correction to account for the tumor cell repopulation effect for 
the LQ model [96]. The corrected LQ model is expressed below,
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where n is the number of treatment fractions, d is the dose per fraction, and t is the 
number of treatment days for a specific radiotherapy treatment regimen. An α/β ratio of 
10 Gy and α value of 0.30 Gy−1 were used for the tumor. Similar to the approach by Jin 
et al. [93], an iso-biologic equivalent dose (iso-BED) was given to the tumor to simplify
the comparisons of therapeutic ratios among various fractionation schedules, so that the 
therapeutic ratio depended only on the modeled lung toxicity. A simple logistic model 
was used to determine the local effective damage and calculate the total damaged lung 
volume to represent the lung toxicity. The simple logistic model is expressed as
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where E(D) is the local effective damage at the dose D, and D50 is the dose causing 
50 % of local damage and a parameter determining the radiosensitivity of the lung.
Figure 11 shows changes of the relative lung damage volume (RDV) with number 
of fractions for different Tpot values at a fixed D50 value (D50 =30 Gy). We noted that
there was a minimal RDV, or maximal therapeutic ratio for each curve. The fraction 
number corresponding to the minimal RDV was the optimal fraction number. It was 
~5 for Tpot =5 days, and ~8 for Tpot =10 days, and varied from 15 to 30 when Tpot 
further increased. The optimal fraction number also depended on the D50 and tumor 
size and location. This study demonstrated that the RT fractionation schedule should 
also be personalized according to the patient’s factors to improve the therapeutic 
ratio. However, further studies, such as determining accuracy of the Tpot, D50, α and 
β values for individual patients, are required to implement this strategy clinically.

Fig. 11 Dependency of relative damaged volume (RDV) of lung on the numbers of treatment frac-
tions for various Tpot with fixed DL50
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6  Summary

The current practice of radiation treatment for lung cancer is partially individual-
ized to tumor histology (small cell versus non-small cell), stage, size/location, and 
combination with use of systemic therapy. During-RT image guided adaptive treat-
ment is a promising individualization approach. During-RT PET-CT image guided 
adaptive treatment is currently being tested in multicenter trials such as RTOG1106.
During-RT imaging may also measure an individual’s response to treatment for 
both tumor and normal tissue, and thus empower us to further personalize the 
remaining treatment by either escalating or deescalating the total dose to the tumor 
according to the measured response. Research on biomarker guided PRT is ongo-
ing, interesting clinical trials are proposed. In addition, RT fractionation schedule 
(radiation dose per fraction) may also be personalized to each individual patient to 
maximize therapeutic gain. Future PRT should be knowledge based to maximize 
the therapeutic gain in each individual patient by comprehensive considerations of 
knowledge acquired from patients in the clinic, imaging assessment, tumor pathol-
ogy, testing of patient biologic features, radiation dosimetric analysis, responses of 
tumor and normal tissues to the treatment and combination of systemic therapy 
(Fig. 12). The future of PRT may also consider the societal value such as cost and 
effectiveness.

Fig. 12 Future of personalized radiation therapy. Personalized radiation therapy (PRT) will maxi-
mize the therapeutic gain in each individual patient by comprehensive considerations of knowl-
edge acquired from patients in the clinic, imaging assessment, tumor pathology, testing of patient 
biologic features, radiation dosimetric analysis, responses of tumor and normal tissues to the treat-
ment and combination of systemic therapy. The future of PRT should also consider the societal 
value such as cost and effective analysis
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      Personalized Therapy of Non-small Cell 
Lung Cancer (NSCLC)                     

       Shirish     M.     Gadgeel     

    Abstract     Lung cancer remains the most common cause of cancer related deaths in 
both men and women in the United States and non-small cell lung cancer (NSCLC) 
accounts for over 85 % of all lung cancers. Survival of these patients has not signifi -
cantly altered in over 30 years. This chapter initially discusses the clinical presenta-
tion of lung cancer patients. Most patients diagnosed with lung cancer due to 
symptoms have advanced stage cancer. Once diagnosed, lung cancer patients need 
imaging studies to assess the stage of the disease before decisions regarding therapy 
are fi nalized. The most important prognostic factors are stage of the disease and 
performance status and these factors also determine therapy. The chapter subse-
quently discusses management of each stage of the disease and the impact of several 
pathologic, clinical factors in personalizing therapy for each individual patient. 
Transition from chemotherapy for every patient to a more personalized approach 
based on histology and molecular markers has occurred in the management of 
advanced stage NSCLC. It is expected that such a personalized approach will extend 
to all stages of NSCLC and will likely improve the outcomes of all NSCLC patients.  

  Keywords     Clinical symptoms   •   Staging   •   NSCLC   •   Chemotherapy   •   Histology   • 
  EGFR   •   ALK   •   Molecular markers  

1       Introduction 

 Management of lung cancer, specifi cally NSCLC has evolved over the last 10 years 
from a more general and empiric approach to a more personalized approach, based 
on an understanding of the biological features of the patient’s cancer and the clinical 
characteristics of the patient. This chapter discusses clinical characteristics, staging 
of lung cancer and particulars of a personalized approach to the management of 
NSCLC in deciding systemic therapy for lung cancer. Personalized approach to 
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surgical management and radiation therapy are discussed in other chapters. This 
chapter will discuss personalized approach to NSCLC. Another chapter is focusing 
on Small Cell Lung Cancer.  

2     Clinical Features of Lung Cancer 

 The median  age   at presentation in the United States is around 71 years [ 1 ]. However 
about 10 % of the cases occur in patients below the age of 50. The incidence of lung 
cancer in US males is 83 per 100,000 and in US females is 55 per 100,000. 

 Usually patients with early stage lung cancer don’t have any  symptoms   related to 
the cancer (Table  1 ). Lack of symptoms in early stage lung cancer patients is related 
to the sparse pain fi ber innervation of the lungs and the signifi cant respiratory 
reserve that two lungs provide. The lack of symptoms is particularly true for lung 
cancers that originate in the periphery of the lungs. The most common symptoms at 
diagnosis are cough, dyspnea, weight loss and chest pain [ 2 ,  3 ]. However in most 
patients by the time they develop symptoms the cancer has metastasized to either 
the regional lymph nodes or to distant sites. Approximately 5–10 % of lung cancer 
patients are asymptomatic at presentation [ 2 ,  4 ]. These cancers are often detected 
during evaluation for an unrelated medical problem or on a chest radiograph per-
formed for pre-operative evaluation.

   Recently a large randomized clinical trial showed that CT scan screening for 
lung cancer in individuals with signifi cant smoking history reduced lung cancer 
related and overall mortality [ 5 ]. Based on this data it is expected that CT scan 
screening will become more common and this may lead to an increase in the per-
centage of lung cancer patients who are asymptomatic at diagnosis.  

3     Staging of NSCLC 

 One of the most important  factors   in deciding management of NSCLC is stage of 
patient’s cancer. The fi rst step in a newly diagnosed NSCLC patient is to conduct tests 
to defi ne the stage of the patient’s cancer. This includes history and physical 

  Table 1     Symptoms   at 
diagnosis of non-small 
cell lung cancer  

 Symptoms 
 Present at 
diagnosis (%) 

 Cough  45–75 
 Dyspnea  40–60 
 Weight loss  20–70 
 Chest pain  30–45 
 Hemoptysis  25–35 
 Bone pain  6–25 
 Fatigue  0–20 
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examination, blood tests including complete blood count and complete metabolic 
profi le, CT scans of the chest including the upper abdomen, PET scan and a brain scan. 

 Staging studies are based on an understanding of the common areas of metasta-
ses with lung cancer patients. Lung cancer can metastasize to almost any area of the 
body but the most common sites of metastases are regional lymph nodes, other areas 
of the lungs, pleura, adrenal glands, brain, liver and bones. Thus the planned scans 
should assess these common areas of metastases. 

 Based on the staging studies, patients are staged from stage I to IV. From a prac-
tical point of view patients can be considered to have following three stages-cancer 
that is limited to the lung with or without metastases to the hilar lymph nodes (local-
ized disease), cancer with metastases to the mediastinal lymph nodes or extension 
of the cancer to the mediastinum (regional disease) and cancer with distant metas-
tases (distant disease) (Table  2 )   . In patients with localized cancer surgical resection 
is the primary consideration. NSCLC patients with metastases to mediastinal lymph 
nodes or direct extension to mediastinal structures are generally managed with 
chemotherapy and radiation. Finally patients with distant metastases are managed 
with systemic therapy. The goals of therapy in patients with localized cancer and 
cancer with regional metastases is to eradicate the cancer, whereas the goals of 
therapy in patients with metastatic disease are to shrink and control the cancer so as 
to improve symptoms and prolong survival.

4         Patient Characteristics and Treatment Decisions   

 Many other considerations are important in deciding therapy including patient’s 
performance status and co-morbid illnesses. A common co-morbid illness in lung 
cancer patients is COPD (Chronic Obstructive Pulmonary Disease)       since smoking 
is the most common causative factor for both conditions. COPD is associated with 
impaired respiratory reserve and therefore can impact the ability to perform surgery 
or radiation. Since the median age of patients is 71 years and many patients are 

   Table 2    Simplifi ed  staging system     

 Stage  Sites involved  Management 

 ‘Localized’  Tumor restricted to the lung or is 
associated with hilar lymph node 
metastases 

 Surgery Tumor ≥4 cm or involvement 
of hilar lymph nodes adjuvant 
chemotherapy 

 ‘Regional’  Tumor extending to mediastinum 
or is associated with metastases 
to mediastinal lymph nodes 

 Concurrent Chemotherapy and 
Radiation Therapy 
 Select cases patients may be 
considered for surgery following 
concurrent therapy 

 ‘Metastatic’  Metastases to other organs 
including other parts of the same 
lung or other lung, pleura 

 Systemic Therapy 
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current or former smokers many patients have other co-morbid illnesses, including 
heart disease, renal failure, diabetes and related complications. All these conditions 
may impact the ability to deliver appropriate care for the patients. 

 An important consideration in deciding therapy is the performance status of the 
patient [ 6 ]. Performance status is determined by the treating physician and refl ects 
the patient’s activity level. Performance status has been consistently shown to 
have both prognostic and predictive importance. Performance status could be 
impaired due to the lung cancer or the co-morbid illnesses or both together. 
Patients with impaired performance have an inferior outcome and don’t tolerate 
therapy very well. 

 Age of the patients should also be considered while deciding therapy [ 7 ]. Most 
trials show that older patients who have a good performance status and have ade-
quate organ function tolerate therapy well and have outcomes as good as younger 
patients. However, older patients are more likely to have co-morbid illnesses and 
aging related loss of organ  function   that can impact the ability to tolerate treatments. 
Appropriate assessment of elderly patients is imperative before therapy is initiated 
in these patients.  

5     Adjuvant Therapy in Early Stage NSCLC 

 Systemic recurrence occurs in over 50 % of patients who undergo surgery for early 
stage lung cancer [ 8 ]. Thus,  post-operative systemic therapy   in lung cancer is 
clinically justifi ed. However, for almost 40 years none of the trials showed a survival 
advantage in favor of adjuvant chemotherapy. A meta-analysis of the initial trials, 
published in 1995, suggested that adjuvant cisplatin-based chemotherapy can 
improve survival of NSCLC patients by 5 %, though this improvement was not sta-
tistically signifi cant [ 9 ]. In the 1990s  drugs   such as vinorelbine, paclitaxel and gem-
citabine were introduced and evaluated for the treatment of NSCLC patients. Each 
of these agents when combined with  cisplatin   demonstrated a survival advantage in 
patients with advanced stage NSCLC compared to older platinum based combina-
tions. These data spurred interest in evaluating these newer platinum based combina-
tions as adjuvant therapy. Two trials have evaluated the combination of cisplatin and 
vinorelbine and both showed a survival improvement of 8–10 %. Based on these 
data use of adjuvant platinum based chemotherapy in patients with stage IB (tumors 
greater than 4 cm)–III NSCLC has become standard of care [ 10 ,  11 ]. 

 The  LACE meta-analysis  , which included all adjuvant trials conducted after 
1995 that enrolled over 300 patients and evaluated cisplatin based chemotherapy, 
showed a more modest benefi t of 5.4 % survival improvement at 5 years [ 1 ]. The 
meta-analysis did suggest that the use of the combination of cisplatin and vinorel-
bine, led to slightly greater improvement in overall survival compared to older 
cisplatin based combinations. 

 The LACE meta-analysis showed that the benefi t from adjuvant chemotherapy 
varies with stage. Patients with stage IA had an inferior survival with adjuvant 
chemotherapy (HR: 1.4, 95 % CI: 0.95–2.06) [ 1 ]. These data have to be viewed with 
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a level of caution since the number of patients with stage IA disease in this 
meta- analysis was small and the 95 % confi dence intervals are fairly wide. The 
benefi t from adjuvant chemotherapy was minimal in stage IB patients (HR: 0.93, 
95 % CI: 0.78–1.10) and modest in stage II and stage IIIA patients (HR: 0.83, 95 % 
CI: 0.72–0.95). Thus, the benefi t from adjuvant chemotherapy may be proportion-
ally greater in patients with higher stage disease. Further analysis of stage IB 
patients has been conducted.  Retrospective analyses   of two trials suggest that the 
benefi t from adjuvant chemotherapy in stage IB patients is dependent upon the size 
of the tumor [ 10 ,  12 ]. Adjuvant chemotherapy was found to improve survival in 
patients with tumors ≥4 cm. However, in stage IB patients with tumors <4 cm 
adjuvant chemotherapy was associated with a non-signifi cant worse survival. 

 The consensus that has emerged from all of these trials is that adjuvant chemo-
therapy is recommended for patients with tumors that have metastasized to regional 
lymph nodes (hilar or mediastinal) and based on retrospective analyses, to patients 
with large (≥4 cm) tumors. 

5.1     Personalized  Adjuvant Chemotherapy   

 The benefi t rate of 5–10 % with adjuvant therapy suggests that not all patients treated 
with adjuvant therapy benefi t from it. In addition, survival rates of at least 25 % 
following surgery suggest that not all patients need chemotherapy. Therefore there is 
a need to develop markers that can identify the patients who need adjuvant chemo-
therapy and the patients who are likely to benefi t from adjuvant chemotherapy. 

5.1.1      Prognostic Markers   

 Tumor stage remains one of the most important prognostic factors. The risk of 
relapse is higher with higher stage of lung cancer [ 13 ]. Also as  mentioned   earlier the 
benefi ts of adjuvant chemotherapy are higher n higher stage lung cancer. Among the 
clinical variables female sex and younger age ≤70 years are associated with better 
prognosis [ 13 ]. 

 Various factors have been evaluated for prognostic utility. Pathologic features of 
high grade or poorly differentiated tumors and angio-lymphatic invasion predict for 
high risk of relapse [ 14 – 16 ]. However, it is not clear that, patients with tumors that 
have these features necessarily benefi t from adjuvant chemotherapy.  

5.1.2     Predictive Markers 

   Markers Predictive of Chemotherapy 

 Many  markers   that predict for benefi t from adjuvant chemotherapy have been evalu-
ated. The marker that has received the most attention is ERCC1 (Excision Repair 
Cross Complementation Group 1). Platinum analogues are the most commonly 
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used drugs in the treatment of NSCLC. Platinum analogues bind to DNA and form 
adducts that inhibit DNA replication. Since tumor cells divide more rapidly, forma-
tion of these adducts cause cell death in these cells. The nucleotide excision repair 
complex can repair platinum-damaged DNA. ERCC1 is the rate limiting enzyme of 
this repair complex [ 17 ]. In vitro studies and clinical studies suggest that tumoral 
ERCC1 levels may predict for resistance to platinum analogues. Retrospective anal-
yses of the IALT adjuvant trial suggested that benefi t from cisplatin based chemo-
therapy was restricted to patients with tumors that had low ERCC1 levels [ 18 ]. 
However, assessment of this marker from tumors of patients on other enrolled trials 
did not confi rm the predictive utility of ERCC1 [ 19 ]. Therefore this  marker   is cur-
rently not utilized to select patients for adjuvant cisplatin based chemotherapy. 
Other markers such as RRM1 (ribonucleotide reductase messenger 1) to predict 
sensitivity to gemcitabine and βIII tubulin expression levels to predict sensitivity to 
taxanes have also been evaluated without conclusive data to support the use of these 
markers for making decisions regarding use of these chemotherapy agents as adju-
vant therapy [ 20 ].  

    Genetic Markers   

 An important advance in oncology has been the identifi cation of ‘driver’ genetic 
alterations. Targeting these genetic alterations has led to signifi cant clinical benefi t 
primarily in patients with advanced cancer. Very few examples of utilizing these 
agents targeting ‘driver’ genetic alterations  as   adjuvant therapy exist to date in 
oncology. Adjuvant trastuzumab has demonstrated improved survival in patients 
with Her2 positive breast cancer. Also imatinib mesylate has shown similar survival 
advantage in patients with GIST (gastro-intestinal stromal tumor). 

 EGFR (epidermal growth factor  receptor        ) mutations were the fi rst ‘driver’ 
genetic alteration identifi ed in NSCLC. EGFR-TKIs have been evaluated as adju-
vant therapy in NSCLC. These clinical trials have established that EGFR-TKIs are 
not benefi cial as adjuvant therapy in unselected NSCLC patients [ 21 ,  22 ]. However, 
conclusive data regarding the utility of these drugs in EGFR mutation positive 
NSCLC patients as adjuvant therapy is not available as yet. Recently the results of 
the RADIANT trial were presented. In this study about 1000 NSCLC patients were 
randomized to erlotinib or placebo for 2 years following surgery and adjuvant che-
motherapy. Of the patients enrolled, 161 patients had EGFR mutation positive 
NSCLC. In this sub group erlotinib did improve the progression free survival with 
a hazard ratio of 0.61 but this did not reach statistical signifi cance [ 22 ]. Data on 
overall survival from this study is still not available. In this study only about 50 % 
of the patients received erlotinib for the planned 24 months, suggesting that a higher 
proportion of patients receiving the drug for a longer period may lead to an even 
greater benefi t. 

 Similar data is lacking for other genetic alterations such as ALK gene rear-
rangement. The National Cancer Institute in collaboration with the co-operative 
groups is about to launch a clinical trial called the ALCHEMIST. In this trial over 

S.M. Gadgeel



209

8000 patients will be enrolled. Patients with EGFR mutation positive NSCLC will 
be randomized to erlotinib or placebo whereas patients with ALK positive NSCLC 
will be randomized to crizotinib or placebo following surgery and adjuvant  che-
motherapy  , if required. A prospective study focused on patients with tumors that 
have the specifi c genetic alterations will establish the utility of these agents as 
adjuvant therapy.  

    Genomic Analyses   

 Lung cancer, like any cancer is the result of the genetic alterations that impact the 
phenotype and biologic behavior of the tumor tissue. Therefore, there is signifi cant 
interest in developing markers based on genomic analyses that have prognostic and 
predictive utility. This strategy is now routinely being applied in the management of 
breast cancer. Various groups of investigators have developed  genomic   signatures as 
prognostic and/or predictive markers [ 23 ,  24 ]. However, none of these signatures to 
date have shown clinical utility in prospective trials limiting the clinical applicabil-
ity of these markers.     

6     Management of Locally Advanced Non-small Cell 
Lung Cancer (Stage III) 

 Patients are considered to have locally advanced NSCLC when the tumor has 
invaded the mediastinum or the tumor has metastasized to  mediastinal lymph nodes  . 
The principle that guides therapy in this clinical situation is that patients already 
have systemic micro-metastases. Thus the goal of therapy is not only to treat the 
clinically evident disease but also to treat systemic metastases that are too small to 
be detected on staging scans. 

 These patients are generally treated with concurrent chemotherapy and radiation 
[ 25 ]. The  chemotherapy   is supposed to treat the systemic micro-metastases and the 
radiation therapy targets the cancer in the chest. The two treatment modalities are 
administered together since there is data to suggest that chemotherapy sensitizes the 
tumor to the effects of radiation. The two commonly used  chemotherapy   regimens 
when administered with radiation are cisplatin and etoposide or carboplatin and 
paclitaxel administered on a weekly basis. Radiation therapy is generally adminis-
tered to 60 Gy over about 6–7 weeks. 

  Concurrent therapy   is associated with higher rates of toxicities, particularly 
esophagitis, compared to sequential therapy. Therefore, not all patients are candi-
dates for such concurrent therapy. Appropriate selection of patients based on perfor-
mance status, presence of co-morbidities, particularly lung function is crucial. The 
median survival with concurrent therapy in locally advanced NSCLC is 20–25 
months, with a 5 year survival of about 25 %. Attempts to improve these outcomes 
with addition of targeted agents or delivering further chemotherapy following 
completion of concurrent therapy have not been successful [ 25 ]. 
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  Surgical resection   of the tumor following concurrent chemotherapy and radiation 
has been evaluated in patients with locally advanced NSCLC [ 26 ]. Randomized 
trials have not conclusively shown that surgery in this clinical situation is benefi cial. 
These trials have shown that patients who require a  pneumonectomy   following con-
current chemotherapy and radiation have a higher rate of mortality and it is possible 
that this higher rate of mortality may have precluded trials from demonstrating a 
benefi t from surgery. Based on the available data the consensus is that patients who 
require only a lobectomy may benefi t from surgery following concurrent chemo-
therapy and radiation [ 27 ]. Surgery following chemotherapy and radiation is per-
formed only in select patients after a thorough assessment by a multi-disciplinary 
team with experience in management of such patients. 

 The  predictive and prognostic markers   relevant in adjuvant therapy also have 
relevance in patients with locally advanced NSCLC. It is expected that clinical trials 
in the future will show benefi ts of integrating targeted therapy such as EGFR-TKIs 
in patients with genetically defi ned tumors.  

7     Management of Advanced Non-small Cell Lung Cancer 

 In recent years major advances in lung cancer have occurred primarily in the 
management of advanced NSCLC. The treatment paradigm has shifted from using 
platinum based two drug combination to a treatment paradigm that tailors therapy 
based on  histology and molecular markers   (Fig.  1 ).

7.1        Chemotherapy   

 For many years the standard therapy for advanced NSCLC was platinum based two 
drug combinations. Such chemotherapy regimens not only prolonged survival but 
also improved quality of life. The effi cacy of each of these combinations was the 
same in each of the histologic subtypes of NSCLC.  Pemetrexed   is the fi rst chemo-
therapy that has differential effi cacy in patients with squamous cell lung cancer and 
in patients with non-squamous histology. In a randomized trial the combination of 
cisplatin and pemetrexed demonstrated superior survival to the combination of cis-
platin and gemcitabine in patients with advanced non-squamous tumors whereas the 
reverse was true in patients with  squamous cell tumors   (Treatment by histology 
interaction analysis p = 0.0011) [ 28 ]. The precise reason for this difference is unclear 
but maybe related to higher levels of  thymidylate synthase  , the enzyme targeted by 
pemetrexed, in squamous cell lung cancers compared to non-squamous tumors [ 29 ]. 
Based on these data pemetrexed now is only approved for patients with non- 
squamous cell lung cancers. It is therefore imperative that every effort is made to 
defi ne the histologic subtype of NSCLC, specifi cally obtaining suffi cient tumor 
material during diagnostic biopsies. 
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 Another important aspect of chemotherapy is the survival advantage observed 
with  maintenance therapy  . For many years the standard of care was to deliver 
chemotherapy for 4–6 cycles. Over the last few years two drugs have been approved 
for maintenance therapy. In two separate randomized trials maintenance therapy 
with pemetrexed demonstrated a survival advantage. In the fi rst trial Ciuleanu et al. 
randomized patients who had completed 4 cycles of a platinum based doublet 
chemotherapy and had stable or responding NSCLC to placebo or  pemetrexed   [ 30 ]. 
In non-squamous NSCLC patients the median survival in patients who received 
pemetrexed was 15.5 months versus 10.3 months (HR: 0.7, p = 0.002). Similar sur-
vival advantage was not observed in squamous cell patients. Thus these results 
show that switching to maintenance pemetrexed therapy following completion of 4 
cycles of platinum based doublet chemotherapy provides survival advantage. 

  Fig. 1    Management 
of  advanced   non-small 
cell lung cancer       
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 In the Paramount trial Paez-Ares et al. enrolled 939 patients with advanced non- 
squamous NSCLC who were treated with 4 cycles of cisplatin and pemetrexed [ 31 ]. 
Subsequently 539 patients who had stable or responding disease and were eligible 
for maintenance portion of the trial were randomized to pemetrexed or placebo. The 
median survival with pemetrexed was 13.9 months and with placebo was 11 months 
(HR: 0.78, p = 0.0195). Based on this data maintenance pemetrexed following a 
platinum and pemetrexed combination is accepted as standard therapy. 

  Erlotinib  , the epidermal growth factor receptor (EGFR) tyrosine kinase inhibi-
tor was also evaluated in advanced NSCLC patients as maintenance therapy [ 32 ]. 
Of the 1949 patients enrolled in the run in phase consisting of 4 cycles of chemo-
therapy, 889 patients with stable and responding cancers were randomized to 
erlotinib or placebo. Erlotinib improved progression free survival (PFS), the 
primary end point of the study, with a median PFS of 12.3 weeks versus 11.1 weeks 
in placebo patients (HE: 0.71, p < 0.0001). The median survival was also improved 
(12 months versus 11 months, HR: 0.81, p = 0.0088). These results have led to the 
approval of erlotinib as maintenance therapy. In subset analyses the benefi t in 
patients with EGFR mutation positive NSCLC was greater (HR: 0.10, p < 0.0001) 
compared to  patients   with wild type EGFR (HR: 0.78, p = 0.0185), though this data 
has to be viewed with a level of caution since the total number of patients known 
to have EGFR mutations was only 49. In another subset analysis the relative ben-
efi t with erlotinib in squamous cell patients was modest. The PFS benefi t in 
squamous cell patients was 0.76 (0.60–0.95) and the overall survival benefi t was 
0.86 (0.68–1.10). 

 Due to the greater acceptance of pemetrexed in non-squamous patients and due 
to the limited benefi t of erlotinib in squamous cell patients  use   of erlotinib in the 
fi rst line setting appears to be restricted to EGFR mutation positive NSCLC patients.  

7.2      Bevacizumab      

 An important aspect of most cancer is the ability to induce angiogenesis. A major 
mediator of tumor angiogenesis is VEGF (vascular endothelial growth factor). 
Bevacizumab targets VEGF and in pre-clinical models inhibits tumor angiogenesis. 
In an exploratory study the addition of bevacizumab to chemotherapy demonstrated 
promising effi cacy [ 33 ]. However, in the same study patients with squamous cell 
histology had increased rates of hemoptysis including fatal episodes. In the subse-
quent randomized phase III trial eligibility was restricted to patients with advanced 
non-squamous NSCLC [ 34 ]. In this trial bevacizumab in combination with carbo-
platin and paclitaxel demonstrated superior survival to carboplatin and paclitaxel 
alone (Median survival 12.3 months versus 10.3 months, Hazard ratio 0.79, 
p = 0.003). Similar improvement in survival was not observed when bevacizumab 
was combined with cisplatin and gemcitabine, though the primary end point of this 
trial was progression free survival [ 35 ]. It is possible that addition of bevacizumab 
may improve outcomes only with specifi c chemotherapy combinations. 
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 The POINTBREAK trial compared the combination of carboplatin, pemetrexed 
and bevacizumab to the combination of carboplatin, paclitaxel and bevacizumab, 
with the primary objective of demonstrating superior survival with the pemetrexed 
based combination in patients with advanced non-squamous NSCLC [ 36 ]. The 
study failed to show superior survival with the pemetrexed combination, though the 
progression free survival was superior with this combination. 

 Bevacizumab is associated with specifi c adverse events such as increased risk of 
bleeding, including hemoptysis and increased arterial thrombotic events such as 
myocardial infarction and cerebro-vascular accident. Therefore assessment of 
patients before initiating therapy with bevacizumab is very crucial.  

7.3      Targeted Therapy   Based on Genetic Alterations (Table  3 ) 

    An important consideration in initiating systemic therapy for advanced NSCLC is 
the assessment of ‘driver’ genetic alterations. The two genetic alterations for which 
we have data in the front line setting are  EGFR mutations and ALK gene rearrange-
ment  . Clinical data regarding both these genetic alterations are discussed in other 
chapters in this book. Other genetic alterations for which clinical data exists will be 
discussed here. 

   Table 3    Driver genetic alterations other than EGFR and ALK   

 Gene/pathway  Smoking status  Histology  Genetic alteration 

 Kras  Primarily smokers  Predominantly 
adenocarcinomas 

 Kras mutations 

 ROS1  Primarily 
never smokers 

 Predominantly 
adenocarcinomas 

 ROS1 translocations 

 RET  Primarily never 
smokers 

 Predominantly 
adenocarcinomas 

 RET translocations 

 Her2  Primarily never 
smokers 

 Predominantly 
adenocarcinomas 

 Her2 mutations, 
Her2 amplifi cation 

 Braf  Primarily smokers  Adenocarcinomas/
squamous cell 
carcinomas 

 Braf mutations 

 cMET  N/A  Adenocarcinomas/
squamous cell 
carcinomas 

 cMET 
overexpression, 
amplifi cation and 
mutation 

 PI3K pathway  More in smokers  Squamous cell 
carcinomans/
adenocarcinomas 

 PTEN loss 
 PI3K amplifi cation 
 PI3K mutations 
 AKT mutations 

 FGFR1  Primarily smokers  Predominantly 
squamous cell 
carcinomas 

 FGFR1 
amplifi cation 
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7.3.1      Kras Mutations      

 Mutations in the Kras gene were identifi ed in NSCLCs over 25 years ago [ 37 ]. 
Approximately 20 % of NSCLCs have Kras mutations [ 38 ]. Kras mutations occur 
more commonly in smokers than never smokers and occur much more commonly in 
adenocarcinomas than in squamous cell cancers. In addition the rate of these muta-
tions is lower in Asian NSCLC patients compared to North American patients. 

 The protein encoded by the Kras gene functions as a guanosine diphosphate 
(GDP)/guanosine triphosphate (GTP) regulated on-off switch that can activate 
downstream signaling proteins [ 27 ]. Mutated Ras encodes for a protein that is 
insensitive to GTPase and therefore constantly bound to GTP and active. In NSCLC 
Kras mutations are restricted to codons 12 and 13. There are a variety of substitu-
tions that can occur at these codons which result in mutated Kras. 

 Previous analyses suggested that presence of Kras mutations has a prognostic 
relevance but the data is inconsistent [ 39 ,  40 ]. This may be a result of different bio-
logic behavior of the different Kras mutations; i.e., codon 12, 13, as well as different 
type of base substitutions encountered in these codons. In addition, some studies 
suggest that Kras mutations may predict for resistance to chemotherapy and EGFR- 
TKIs. Data in colon cancer also suggests that response to certain treatments may 
differ based on the type of Kras mutations [ 41 ]. 

 Direct inhibition of Kras for therapeutic benefi t has remained elusive. An alter-
native approach is to inhibit the downstream signaling proteins to effectively inhibit 
Kras signaling and thus its oncogenic consequences. Raf1 was the fi rst effector 
protein of Ras to be identifi ed. Raf1 signals through a pathway that involves the 
ERK-MEK signaling cascade [ 37 ]. The ERK-MEK signaling pathway is the pri-
mary mediator of the oncogenic effects of Ras mutations. Novel MEK inhibitors are 
in clinical trials and have been evaluated in NSCLC. The single agent activity of 
these drugs has been modest. Recently Janne et al. reported the results of a random-
ized phase II study that evaluated the addition of selumetinib (AZD6244), a MEK 
inhibitor, to docetaxel in patients with Kras mutation positive progressive NSCLC 
[ 42 ]. The addition of AZD6244 led to improved progression free survival (5.3 
months vs. 2.1 month, p = 0.0138) and response rate (37.2 % vs. 0 %, p < 0.0001). 
The percentage of patients that were alive and progression free at 6 months was also 
superior in patients who received the combination, 37.1 %, compared to the patients 
who received docetaxel alone, 15.8 % (p = 0.0158). The overall survival was numer-
ically superior with the addition of AZD6244 (9.4 months vs. 5.2 months) but this 
did not reach statistical signifi cance (p = 0.2069). Data according to individual  Kras 
mutations   has not been reported and it is not clear if this combination will have dif-
ferential effi cacy in the different mutations. Adverse events were also higher among 
patients who received the  combination   of AZD6244 with docetaxel, primarily neu-
tropenia, asthenia, diarrhea, edema, rashes and stomatitis. Based on the promising 
randomized phase II results there are plans to conduct a randomized phase III study 
to evaluate this combination in Kras mutation positive NSCLC patients. 
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 Many other strategies are being evaluated to inhibit Kras in Kras mutation 
positive NSCLC including combination of MEK inhibitor with AKT inhibitor and 
hsp90 (heat shock protein 90) as discussed later. Ongoing clinical trials will defi ne 
which of these strategies will lead to clinical benefi t.  

7.3.2      ROS1      

 ROS1 is a receptor tyrosine kinase (RTK), is related to the insulin receptor family 
and shares signifi cant homology with ALK [ 43 – 45 ]. ROS1 can activate downstream 
signaling pathways such as PI3K, ERK/MEK and stat3 that result in increased 
cellular proliferation, invasion, and anti-apoptotic effects. ROS1 is detectable in 
many tissues including lung and skeletal muscle but its function is not clear. 
Recently ROS1 activation through gene rearrangements has been documented in 
NSCLC [ 39 ,  40 ]. ROS1 gene rearrangements form a chimeric protein which 
includes the tyrosine kinase domain of ROS1. The ROS1 tyrosine kinase in the 
chimeric protein is constitutively activated and oncogenic. There are many partner 
genes with which ROS1 can be rearranged in NSCLC. The rate of ROS1 gene rear-
rangements in NSCLC is about 2 % [ 46 ,  47 ]. It appears that clinical demographics 
and pathologic features of patients with ROS1 gene rearrangement are similar to 
ALK positive patients. Thus, they are younger, never smokers and predominantly 
have adenocarcinoma histology. 

 Since there is some homology between ROS1 and ALK, particularly in tyrosine 
kinase region, the ability of crizotinib to inhibit  ROS1   was evaluated [ 41 ]. Ou et al. 
presented the results of 35 evaluable patients with ROS1 rearranged  NSCLC   treated 
with crizotinib [ 48 ]. The response rate was 60 % in these patients from crizotinib, 
activity that is similar to the drug’s activity in ALK positive NSCLC patient. These 
results suggest that crizotinib is the preferred treatment in patients with ROS1 rear-
ranged NSCLC.  

7.3.3    MEt al terations   

 MET is a transmembrane tyrosine kinase receptor which is activated by its ligand 
 Hepatocyte Growth Factor (HGF)        . Activated MET is involved in variety of cellular 
functions including motility, survival and proliferation [ 49 ]. Over expression of 
MET and HGF are well documented in NSCLC and is associated with worse prog-
nosis [ 50 ]. In addition MET mutations and amplifi cation occur in NSCLC [ 51 ,  52 ]. 
The oncogenic relevance of MET mutations in lung cancer is unclear. Recent data 
has shown that MET amplifi cation is one of the mechanisms of resistance to EGFR- 
TKIs in EGFR mutation positive NSCLC [ 53 ,  54 ]. In addition, MET maybe ampli-
fi ed in about 7 % of NSCLCs. 

 Pre-clinical data has shown that the combination of a MET inhibitor and 
EGFR inhibitor provide greater anti-tumor effi cacy than either agent alone [ 55 ,  56 ]. 
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Two different randomized trials have evaluated met inhibitors in combination with 
erlotinib in patients with recurrent NSCLC. In one of the trials MetMAB, a  human-
ized antibody targeting   MET was evaluated in a randomized phase III study that 
enrolled 499 patients with progressive NSCLC following 1 or 2 prior treatments 
[ 57 ]. Patients were randomized to erlotinib alone or erlotinib with MetMAB. Based 
on a prior randomized phase II study results, only patients with tumors that were 
considered MET positive (at least 50 % of the tumor cells were moderately or 
strongly positive by IHC testing) were enrolled on the study. The study failed to 
show a survival advantage with the addition of metMAB to erlotinib. 

  Tivantinib   is an oral MET tyrosine kinase inhibitor that has been evaluated in 
NSCLC patients [ 58 ]. In a phase II trial 167 patients were randomly assigned to 
the combination of erlotinib (150 mg daily) and tivantinib (360 mg twice daily) or 
to erlotinib alone. The  proportional hazards model   adjusting for known prognostic 
factors showed a hazard ratio of 0.68 in favor of the combination (p = 0.04). There 
was no signifi cant difference in overall survival between  the   2 arms. A pre-planned 
analysis of effi cacy according to histology showed that in non-squamous patients 
the combination resulted in signifi cantly improved PFS and OS after adjusting for 
prognostic factors. These data were the basis for a phase III study evaluating the 
combination of tivantinib and erlotinib compared to erlotinib alone in patients 
with progressive non-squamous NSCLC. According to a recent press release this 
study has been discontinued after an interim analysis concluded that the study 
would not reach its primary end point of improved survival. Detailed results of the 
study are awaited. 

 Finally  crizotinib   which is also known to be a cMET inhibitor has been evaluated 
in MET positive NSCLC patients. Results of a small study were presented by Dr. 
Camidge and colleagues recently [ 59 ]. Tumors of patients were analyzed for MET 
amplifi cation. Only patients with ratio of MET gene copy number to the number of 
centromere of chromosome 7 of ≥1.8 were enrolled on the trial. Patients were con-
sidered to have low (ratio of ≥1.8–≤2.2), intermediate (ratio of >2.2–<5.0) or high 
(≥5.0 copies) amplifi cation in their tumors based on the ratios. Fourteen patients 
have been enrolled on the trial. Majority of these patients were current or former 
smokers. Among these 14 patients benefi t from crizotinib was higher in patients 
with higher amplifi cation of MET. The response rate in low amplifi ed tumors was 
0/2, in intermediate amplifi ed 1/6 and in high amplifi ed 4/6. The true rate of MET 
amplifi cation or high MET amplifi cation is unclear. Further study of the effi cacy of 
MET inhibitors like crizotinib in patients with MET amplifi ed tumors is required. 
However available data suggests that assessment of gene amplifi cation maybe a 
 better bio-marker to identify patients who respond to MET inhibitors compared to 
detection by immuno-histochemistry. 

 There are other MET inhibitors in development including  cabozantinib  , which 
has shown clinical activity in NSCLC patients in a single arm phase II trial, and 
foretinib [ 60 ]. Since MET amplifi cation maybe a mechanism of acquired resistance 
to EGFR-TKIs in EGFR mutation positive NSCLC there is a signifi cant interest in 
evaluating MET inhibitors in this patient population. Ongoing trials will determine 
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the role of these drugs in the management of NSCLC patients in general and in 
patients with activation of the cMET pathway in their tumors. 

   RET translocations   — RET   is a receptor tyrosine kinase that is an established onco-
genic target in medullary thyroid cancer and papillary thyroid cancers [ 61 ,  62 ]. 
Recently RET gene rearrangements leading to activation of the RET tyrosine kinase 
were identifi ed in NSCLCs [ 46 ,  63 ]. The most common partner gene is the KIF5B 
with variable break  points  . An alternative partner gene CCDC6 has also been identi-
fi ed. The incidence of these rearrangements is rare, probably <1 % and appears to 
occur primarily in adenocarcinomas. There are many RET inhibitors currently 
approved for other tumor types such as cabozantinib, sunitinib, sorafenib. Recently 
Drilon et al. reported that cabozantinib, a known RET inhibitor approved for medul-
lary thyroid carcinoma, demonstrated response in 2 RET positive NSCLC patients 
and stable disease in a third patient [ 64 ]. This study is ongoing and similar studies 
will defi ne the activity of RET inhibitors in RET positive NSCLC patients. 

  Her2 gene alterations —Her 2  mutations      that cause constitutive activation of Her2 
tyrosine kinase were identifi ed in about 2 % of NSCLC [ 65 ,  66 ]. They primarily 
occur in adenocarcinomas, never smokers and in female patients. Mazieres et al. 
reported a 50 % response rate and a disease control rate of 82 % in 16 patients 
treated with Her2 directed therapy [ 65 ]. Her2 amplifi cation has also been reported 
to occur in 2–20 % of NSCLCs and there is at least one case report of clinical ben-
efi t from Her2 inhibitors in a patient with Her2 amplifi ed NSCLC [ 67 ,  68 ]. Further 
data is necessary to defi ne the role of Her2 inhibitors in patients with tumors that 
have Her2 mutations or amplifi cation. 

   Braf mutations —Braf      is a kinase downstream of Kras. Braf mutation occurs in 
about 50 % of melanomas and almost all the Braf mutations in melanoma are the 
V600E mutation in exon 15 of the gene [ 69 ]. Braf inhibitors have shown clinical 
benefi t in melanoma patients with this mutation in their tumor [ 70 ]. Braf mutation 
occur in about 3–5 % of adenocarcinomas of the lung and <1 % of sqaumous cell 
carcinomas [ 71 – 73 ]. About 50 % of the Braf mutations detected in NSCLCs are 
V600E. Braf mutations occur more commonly in patients who are current or former 
smokers. At least one report suggests that the V600E mutation occurs more 
commonly in females and another reports states that Braf mutations occur more 
commonly in men [ 72 ,  73 ]. Dabrafenib a Braf inhibitor has shown activity in 
NSCLC patients with Braf V600E mutation positive tumors [ 74 ]. There are ongoing 
trials evaluating Braf inhibitors and MEK inhibitors in patients with Braf mutation 
positive NSCLC. 

  FGFR1 (fi broblast growth factor receptor)    amplifi cation   — FGFR1   belongs to the 
FGFR family of membrane bound receptors and is involved in infl ammation, wound 
healing and embryonic development. Weiss et al. fi rst reported that this gene is 
amplifi ed in  sqaumous   cell lung cancers and that this genetic alteration is oncogenic 
in these tumors [ 75 ]. The rate of FGFR1 amplifi cation reported by various groups 
has varied from 7 to 20 % depending upon the test utilized to assess amplifi cation 
[ 76 – 78 ]. FGFR1 amplifi cation may occur also in adenocarcinomas but at a lower rate. 
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Pre-clinical studies have shown that FGFR inhibitors can induce apoptosis in 
NSCLC cell lines with FGFR1 amplifi cation. Recently data on two separate FGFR 
inhibitors were presented at the annual meeting of the American Society of Clinical 
Oncology. BJ398 demonstrated a response rate of 15 % and another 35 % had stable 
disease among 26 squamous cell patients with FGFR1 amplifi ed tumors [ 79 ]. 
Another FGFR inhibitor AZD4547 demonstrated response in 1 of 13 patients [ 80 ]. 
The activity observed with these drugs in limited number of patients is relatively 
modest compared to activity observed with targeted drugs in most other lung 
cancers with ‘actionable’ mutations. The reasons for this modest  activity   are unclear. 
It could be related to inability to identify the tumors that are truly dependent on this 
pathway.    

8     Conclusion 

 Management of NSCLC has shifted from approaching it as a single disease to an 
entity consisting of several related disorders that are managed differently, taking 
into account histologic, molecular, and clinical characteristics.     
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