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Preface

Cystic fibrosis, a monogenic hereditary disease that manifests in the lungs, is well 
known in Western countries and mainly affects Caucasians of Northern European 
descent, but is rarely seen in Asian populations. However, polygenic hereditary dis-
eases of the lungs are commonly seen across all ethnicities, since most pulmonary 
diseases are thought to result from interactions between multiple genetic and envi-
ronmental factors.

For example, chronic obstructive lung disease (COPD) is a common pulmonary 
disease and cigarette smoking is the main environmental risk factor for developing 
the disease. Since only approximately 15% of smokers develop COPD, genetic fac-
tors are considered to be important for the development of the disease. In fact, more 
than 100 genes that affect susceptibility to non-hereditary COPD have been reported 
to date, and each identified gene can explain only a small part of the etiology of 
COPD. In COPD, genetic factors only become important when environmental fac-
tors exist. In contrast, in bronchial asthma, genetic factors are more important than 
environmental factors. Consequently, bronchial asthma has a very high heritability 
rate, reportedly as high as 70%. Many genes have been identified that are possibly 
involved in the susceptibility, activity, and severity of bronchial asthma. These two 
diseases demonstrate how the contribution of genetic factors varies widely depend-
ing on the disease. In this book, we discuss the contribution of genetic factors to 
common pulmonary diseases that are encountered in daily practice.

The Human Genome Project was finished in 2003 and provided a complete and 
accurate sequence of the 3 billion DNA base pairs that make up the human genome. 
We are currently in an era of rapidly expanding knowledge about genetic medicine. 
It has become possible to determine the genetic contributions to common pulmo-
nary diseases. Understanding the functions of genetic factors in each disease can 
contribute significantly to various fields of medicine and enable us to identify geno-
types or phenotypes of each disease. Based on this information, new therapeutic 
strategies are being developed, leading to precision medicine. By translating 
genomic information into clinical practice, we can expect to minimize adverse 
events and obtain the maximum treatment effect.



vi

Striking progress has been made recently in the treatment of various cancers, 
including lung cancer. Recent findings of oncogenic driver mutations resulted in a 
major paradigm shift in the management of non-small cell lung cancer (NSCLC). 
Treatment for this disease now focuses on a genetic biomarker-based strategy to 
develop personalized treatment with molecularly targeted agents. Indeed, the prog-
nosis of NSCLC patients given treatments that are personalized based on their iden-
tified oncogenic driver mutations has dramatically improved, and their quality of 
life is significantly better.

To the best of my knowledge, there is currently no textbook that focuses on the 
roles that genetic factors play in pulmonary diseases. I am convinced that this book 
is very unique, not only in its discussion of gene abnormality in pulmonary diseases 
but also in its focus on applying cutting-edge discoveries in genetic medicine to 
daily clinical practice.

I hope that this book will improve our understanding of pulmonary diseases and 
lead to more appropriate treatment.

Yokohama, Japan� Takeshi Kaneko 

Preface
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Chapter 1
Clinical Development of Genomic 
Medicine in Pulmonary Diseases:  
Are Genetic Factors Enough to Determine 
the Phenotype and Inheritance 
of Pulmonary Diseases?

Mari Hikichi, Shuichiro Maruoka, and Shu Hashimoto

Abstract  Many pulmonary disease genotypes have been identified in genome-
wide association studies using microarray technology. These genetic variants are 
relatively common but generally explain little about the heritability of disease, a 
phenomenon known as “missing heritability.” This suggests that a genomic approach 
alone might not be enough to determine the phenotype and heritability of pulmo-
nary diseases. Since the airway is continuously exposed to various environmental 
factors, the gene–environment interaction is extremely important in the pathogene-
sis of pulmonary diseases. However, the mechanisms by which environmental fac-
tors contribute to the heritability and pathological development of pulmonary 
diseases remain unknown. Recently, it has been reported that not only the genome 
but also the epigenome and microbiome are involved in the determination of disease 
susceptibility and phenotype. Recent advances in analytical techniques have yielded 
enormous quantities of diverse types of individual biological information, including 
genomic, epigenomic, transcriptomic, proteomic, metabolomic, and microbiomic 
data. Using this vast array of biometric information, new pulmonary disease pheno-
types will be identified and could be used to develop personalized medicines for 
patients with pulmonary diseases in the future. This review provides an overview of 
the current knowledge of the genomic medicine for better understanding of the heri-
tability of pulmonary disease.

Keywords  Epigenome · Genomic medicine · Gene–environment interaction 
Microbiome · Personalized medicine
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1.1  �Introduction

Since the airway is in contact with the external environment, it is exposed to various 
environmental factors (e.g., tobacco, air pollutants, and allergens). Therefore, the 
etiologies of many respiratory diseases are affected by environmental factors. 
However, interactions between genetic and environmental factors represent a very 
important factor in the onset of respiratory diseases; in particular, differences in 
individual responsiveness to environmental factor exposure result from differences 
in genetic factors.

This chapter will provide an overview of the history of genomic medicine and 
outline the current situation and issues of genomic medicine in the context of 
respiratory disease, the influences of environmental factors on genetic factors (i.e., 
epigenetic and microbiome control mechanisms), and the applications to personal-
ized medicine.

1.2  �History of Genomic Medicine

From the viewpoint of genetic factors, respiratory diseases can be roughly divided 
into monogenic diseases (e.g., α-1 antitrypsin deficiency) and polygenic diseases 
(e.g., asthma, chronic obstructive pulmonary disease, and interstitial pneumonia). A 
monogenic disease is defined as a cellular-level functional abnormality caused by a 
single genetic variant (mutation). Genetically, such diseases often show very strong 
inheritance patterns. On the other hand, polygenic diseases, which involve multiple 
sets of genes, are common in the field of respiratory medicine. Advances in genomic 
medicine (genomics) according to genetic analyses, which allowed for the elucida-
tion of not only respiratory diseases but also other pathological conditions, repre-
sent a major epoch in the history of medicine.

The genome is defined as the complete set of genetic information and its base 
sequences of DNA (genes) and chromosomes in the organism. This genomic infor-
mation is thought to underlie the pathogenesis of diseases. Accordingly, studies 
have mainly focused on monogenic diseases, and genomic medicine has developed 
with advances in analytical techniques.

In the 1980s, the development of DNA polymorphic markers made it successful 
to conduct linkage analyses and thus determine the chromosomal loci of genetic 
diseases in both affected and unaffected family members. Disease genes were iden-
tified by positional cloning [1], in which candidate genes identified by linkage anal-
ysis were comprehensively analyzed to identify disease-specific mutations. In the 
2000s, DNA microarray technology was implemented in practical applications. A 
microarray is an assay in which thousands to tens of thousands of DNA probes are 
affixed to a board at a high density. Such assays have enabled comprehensive gene 
expression analyses. Using this technology, mRNA extracted from a specimen is 
labeled with a fluorescent tag and hybridized to a DNA probe on a substrate. 

M. Hikichi et al.
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Subsequently, the fluorescence intensity is measured with a scanner to quantify the 
expression level of a target gene. Since its introduction, innovations in microarray 
technology have progressed and reduced the costs of this assay each year. Currently, 
microarray is considered an established target gene screening tool in both basic and 
clinical research settings [2]. Microarray techniques have been used to conduct vari-
ous comprehensive analyses, which have led to the subsequent identification of dis-
ease susceptibility genes for various respiratory diseases.

In 2003, the Human Genome Project identified all human genes [3]. Subsequently, 
the International HapMap Project was initiated on the basis of the identified human 
genes with the aim of analyzing patterns of genetic similarity and dissimilarity 
among races. These analyses revealed the existence of individual differences in 
human genomic information or “diversity.” Furthermore, certain similarities in 
genomic diversity, or polymorphism, were identified. Tools have been developed to 
analyze genomic information not only for monogenic diseases but also for common 
diseases. A high-density microarray was developed to implement information about 
the tens to hundreds of millions of single-nucleotide polymorphisms (SNPs) distrib-
uted throughout the human genome; these SNPs were derived from the aforemen-
tioned Human Genome Project and International HapMap Project. Genome-wide 
association studies (GWASs) are possible because of this array. Accordingly, large-
scale genotyping became possible, and the identification of “disease susceptibility 
genes” began in earnest.

1.3  �Issues and Future Prospects of Genomic  
Medicine (Fig. 1.1)

One characteristic of GWAS-based disease susceptibility gene identification is that 
previously unreported genes can be identified with high levels of reproducibility 
within the same race. However, it has some issues that a SNP present at a high fre-
quency in the disease population may itself have only weak effects, and many of the 
identified SNPs are mapped to nonprotein-coding regions, such as introns or inter-
genic regions. This theory is based on the “common disease-common variants 
hypothesis,” and many of the identified “disease susceptibility genes” have a rela-
tively small degree of influence (i.e., effect size) on disease onset, as well as low 
heritability (missing heritability) [4–6]. In other words, rare variants with large 
effect sizes and unknown polymorphisms might be undetectable by GWASs. From 
a technical point of view, next-generation sequencing (NGS), which is based on the 
massively parallel sequencing of DNA fragments, has facilitated analyses of rare 
variants that are less frequent but have greater influences on disease onset [7, 8]. 
Since 2008, international projects have used NGS to comprehensively analyze rare 
genetic polymorphisms that are difficult to detect through GWASs (The 1000 
Genomes Project: 1kGP [9, 10]). Given the cost performance, it is efficient to ana-
lyze entire exons that contain very important protein-coding DNA sequences, which 

1  Clinical Development of Genomic Medicine in Pulmonary Diseases



6

correspond to only approximately 1% of the entire genome (exosome analysis). 
Exon arrays based on microarray technology are also commercially available and 
enable comprehensive analyses at a relatively low cost. Comprehensive respiratory 
disease analyses intended to complement the missing heritability of GWAS [11, 12] 
have been reported, and this technique could potentially become a mainstream ana-
lytical method in clinical genomic medicine research in the future.

1.4  �Genomic Medicine and Environmental Factors

Advances in genomic medicine predict the arrival of an era in which individual 
genetic variations can accurately determine the “constitution prone to a specific 
disease.” However, identical twin studies have shown that even subjects with identi-
cal genetic factors will not necessarily develop identical diseases, suggesting that 
the genetic code is not the only determinant of susceptibility to disease. Therefore, 
interactions with environmental factors are important [13, 14]. The lung, in particu-
lar, is the most susceptible organ to the influences of external environmental factors, 

Effect size
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• rare variants
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Fig. 1.1  Missing heritability in GWAS
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such as dust, pollutants, and microorganisms, because it comes in contact with the 
outside world. In fact, many respiratory diseases are clearly induced and exacer-
bated by environmental factors.

Chronic obstructive pulmonary disease (COPD) is a condition in which irrevers-
ible airflow obstruction is caused by the chronic inhalation of and exposure to harm-
ful substances such as tobacco smoke. However, not all smokers will develop 
COPD, leading to the suggestion that both environmental factors and disease sus-
ceptibility genes are necessary for pathogenesis. An α-1 antitrypsin deficiency is a 
monogenic disease causing familial COPD and has been linked to a mutation on the 
SERPINA1 gene. Despite the strong influence of this single genetic abnormality on 
disease onset, the severity of respiratory effects may vary within the same family. 
Therefore, secondary stimuli, such as smoking, may determine these differences in 
severity [15].

Therefore, interactions between genetic factors (i.e., presence of disease suscep-
tibility genes and differences in individual reactivity) and environmental factors 
(i.e., gene–environmental interaction) are very important in the pathogenesis of 
respiratory diseases. This is a factor associated with missing heritability.

1.5  �Gene–Environmental Interaction via Epigenetics

Accordingly, is there a molecular mechanism by which environmental factors act on 
genetic factors, induce disease onset, and acquire heredity over generations? The 
genetic elements that cause differences among individuals of the same species have 
been identified as SNPs or DNA sequence mutations. However, although differ-
ences in the phenotypic traits of identical twins with identical DNA base sequences 
have been attributed to environmental factors, the molecular pathological mecha-
nism was unknown. The field of “epigenetics” is expected to explain the 
mechanism.

In an organism, existing mechanisms can regulate gene expression to determine 
the phenotype of an individual without changing the DNA sequence. These mecha-
nisms include DNA methylation, histone modification, and noncoding RNA 
(ncRNA). The academic study of these mechanisms is called “epigenetics,” and the 
collected information is called the “epigenome.” Cellular differentiation and 
embryogenesis are regulated by epigenetic modifications. Such modifications are 
susceptible to various environmental factors and can determine the phenotype of a 
disease. Furthermore, the epigenome, which determines the disease phenotype, is 
conserved across generations. Accordingly, epigenetics has attracted attention as a 
potential mechanistic link underlying gene–environmental interactions [9].

Historically, the word epigenetics was created by the British embryologist 
Waddington and colleagues to represent “a mechanism by which a genotype 
determines a phenotype during development” [16]. Riggs et al. later redefined this 
term as “a mitotically preserved change in the function of a gene other than the 
change in DNA sequence.” In 1987, Holliday et  al. identified the importance of 
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DNA methylation [17], which led to the discovery of histone protein modification, 
chromatin structure transformation, and ncRNA [18]. In a fertilized egg, gene 
expression within cells can be switched on or off. During development and differen-
tiation, epigenetic changes determine which genes are expressed or not expressed, 
leading to unique cellular phenotypes. This epigenetic information is stored and 
transmitted to cells in the next generation, thus allowing subgroups of cells to main-
tain their unique phenotypes despite retaining the same DNA sequence.

As described above, as the epigenome differs considerably from the genome 
within each cell type, large-scale international epigenome projects such as the 
ENCODE project (Encyclopedia of DNA Elements) have been established to ana-
lyze epigenomic characteristics [19].

1.5.1  �DNA Methylation

DNA methylation is a phenomenon observed in many biological organisms, from 
fungi to mammals. In vertebrates, DNA contains regions wherein cytosine (C) is 
followed by guanine (G) in a repeated sequence or CpG sites. DNA methyltransfer-
ase can add a methyl group to the 5-position carbon of a CpG site. In mammalian 
DNA, more than 80% CpG sites are methylated. Many of the CpG islands are 
located in the promoter region upstream of the gene, where they regulate gene 
expression. The DNA methylation pattern depends on conditions such as organs and 
environmental exposure. Different diseases may occur, depending on the organ in 
which the abnormal DNA accumulates, as well as the timing.

Smoking is an environmental factor associated with various respiratory diseases, 
with a particular influence on the pathogenesis of COPD. In addition, exposure to 
tobacco smoke may increase the risk of asthma development by approximately 20% 
[20]. Furthermore, studies of pregnant mothers suggest that internal exposure to 
tobacco smoking induces epigenetic changes in their offspring [21, 22]. Other 
reports suggest that during pregnancy, exposure to polycyclic aromatic compounds 
present in diesel exhaust particles induces DNA methylation at the promoter sites of 
genes encoding interferon gamma and acyl-coenzyme A synthetase long-chain fam-
ily member 3 (ACSL3) in umbilical cord blood leukocytes, which may affect a 
child’s risk of asthma development [23, 24]. Psychosocial stress also affects the 
epigenetic changes involved in the development of asthma. An evaluation of DNA 
derived from the peripheral blood cells of abused children (ages 6–14  years) in 
Puerto Rico revealed that promoter region methylation and a SNP (rs 2267735) in 
the ADCYAP1R1 gene, which has been linked to post-traumatic stress disorder, cor-
relate with the onset of asthma. This finding demonstrates the involvement of child-
hood stress in asthma pathogenesis via DNA methylation [25].

Some epigenomic analyses have adopted the methods used in GWASs and are 
therefore known as epigenome-wide association studies (EWASs) [26]. Yang et al. 
collected peripheral blood-derived DNA from a population of 97 asthmatic and 
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97 healthy children (aged 6–12 years) that included poor urban residents and con-
ducted a comprehensive EWAS.  The authors observed the hypomethylation of 
asthma-related genes, such as the gene encoding IL-13, in asthmatic children rela-
tive to healthy children [27]. Liang et al. also comprehensively analyzed the asso-
ciation of serum IgE concentration and DNA methylation in an EWAS.  These 
authors identified sets of genes that linked low DNA methylation with high IgE 
concentrations in peripheral blood eosinophil-derived DNA from asthmatic patients 
[28]. An EWAS-based analysis has been also conducted for idiopathic pulmonary 
fibrosis (IPF) [29]. In addition, MeDIP-seq and MethylCap-seq, which respectively 
sequence DNA fragments containing methylated cytosine collected by immunopre-
cipitation with anti-methylated cytosine antibody (MeDIP) or by affinity enrich-
ment with methylated cytosine-binding protein (MethylCap), are used as NGS-based 
genome-wide analysis methods. Whole-genome bisulfite sequencing, which is 
based on bisulfite conversion, was also developed [30]. In the future, advances in 
technology are expected to increase the ease and decrease the expenses associated 
with collecting epigenomic information.

1.5.2  �Histone Modification

DNA strands wrap around histone proteins to form nucleosomes. Changes in chro-
matin structure these nucleosomes form can significantly affect the efficiencies of 
gene transcription, replication, and repair. The 20–30 amino acids that comprise the 
histone N-terminus have weak three-dimensional structures and are called histone 
tails. These tails can be chemically modified through methylation, acetylation, and 
phosphorylation to regulate gene expression. The enzyme histone acetyltransferase 
(HAT) acetylates histones, whereas histone deacetylase (HDAC) deacetylates his-
tones to terminate transcription. HAT acetylates the histone tail to neutralize the 
charge between DNA and the histone, which relaxes binding and promotes tran-
scription. HDAC can terminate transcription by tightening the wrapping of DNA 
around histones via deacetylation.

Thus, HAT and HDAC balance each other to regulate gene expression.
Compared with healthy subjects, the inflamed airways of asthmatic patients 

show enhanced HAT activity and attenuated HDAC activity [31]. Furthermore, 
decreased HDAC2 activity is observed in the respiratory tracts of COPD patients, 
particularly those who smoke. Moreover, enhanced IL-8 expression consequent to 
widespread histone 4 acetylation in the IL8 promoter region has been observed and 
correlated with COPD severity [32]. In addition, theophylline, a therapeutic agent 
used to treat COPD, may improve respiratory function by enhancing HDAC 
activity [33].

ChIP-seq, which combines chromatin immunoprecipitation (ChIP) and NGS, is 
used for genome-wide analyses of histone modification and chromatin-binding 
proteins.

1  Clinical Development of Genomic Medicine in Pulmonary Diseases
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1.5.3  �ncRNA

The generic term ncRNA is used to distinguish nonprotein-encoding RNAs from 
protein-encoding mRNAs. Recent transcriptome analyses (i.e., comprehensive tran-
script analyses) have included not only protein-encoding mRNAs but also ncRNAs 
with various gene expression regulatory functions, and the expression levels of these 
RNAs were found to correlate with cell phenotype [34, 35]. MicroRNAs (miRNAs) 
are a type of ncRNA for which the precursors are encoded in specific miRNA genomic 
regions. Following transportation from the nucleus to the cytoplasm and cleavage 
into 21–22-base miRNA fragments by Dicer, a miRNA binds to the 3′-untranslated 
region of an mRNA to suppress translation and promote mRNA degradation.

miRNA expression profiles can now be comprehensively quantified using micro-
arrays. These microarray analyses have identified a set of miRNAs involved in the 
pathogenesis and severity of asthma, COPD, and IPF [36].

miRNAs have potential as biomarkers and therapeutic targets, leading to interest 
in further research and development with the aim of identifying future clinical 
applications.

1.6  �Gene–Environmental Interaction via Microbiomics

Living organisms harbor many microbiological organisms, such as intestinal bacte-
ria, which play a role in mucosal immunity maintenance and defenses against infec-
tion. Technological advances such as next-generation sequencers and 16S rRNA gene 
sequencing have enabled comprehensive analyses of bacterial genetic information 
(metagenomic analysis). The recent observation of a group of bacteria that is previ-
ously difficult to identify has attracted attention as a novel type of biological informa-
tion related to disease onset. The microbiotal genome is called the microbiome.

The microbiome is specific to each individual, with low levels of similarity 
between a parent and child or among siblings. Therefore, this “second genome” 
represents a research area (microbiomics) that is comparable to the genome and 
epigenome and could be applied to personalized medicinal approaches. The micro-
biome is reportedly affected by various environmental factors, can influence immune 
regulation, and is related to various conditions such as allergic and autoimmune 
diseases, malignant tumors, and obesity [37].

Until recently, the lung was considered aseptic; however, studies conducted using 
the latest bacterial detection technology have revealed the existence of a lung micro-
biota. Within the respiratory field, numerous related papers have been published, 
and the potential elucidation of pathology and treatment is being debated [38].

Compared with healthy subjects, the respiratory tract microbiota in asthmatics 
reportedly differs with respect to bacterial species diversity and patterns [39]. Some 
reports have identified bacteria species involved in the pathology and severity of 
airway hyperresponsiveness [40, 41]. Similarly, decreases in microbiotal diversity 
are thought to influence both the acute exacerbation and severity of COPD [42–44] 
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and IPF [45]. Thus, an inappropriate microbiotal composition (dysbiosis) may 
affect the pathogenesis of respiratory diseases [44].

Both human genomic information and coexisting bacterial (microbiotal) genomic 
information of bacteria (microbiome) might affect disease onset. The microbiome, 
therefore, is an important genetic factor that should be considered with respect to 
respiratory disease onset mechanisms.

Infancy is the most important period for microbiotal establishment. Both antibi-
otic usage and the environment affect the types of microbiota that engraft during 
infancy. This microbiota could potentially induce the development of respiratory 
disease later in life [46–48]. Therefore, early intervention for microbiome adjust-
ment during infancy has been recognized as important for preventing the onset of 
respiratory diseases.

1.7  �Genomic Medicine and Personalized Medicine (Fig. 1.2)

A new asthma phenotype classification (endotype), using biomarkers reflective of 
molecular pathology and clinical information, has been proposed [49]. Medical care 
is shifting from conventional medical care designed for “average patients” to per-
sonalized medicine based on individual biometric information [50].

External exposome 
Air pollutant 
Climate
Diet
Drug
Psychosocial stress
Pathogen
Tobacco
………

Internal exposome 

Genome
Epigenome
Transcriptome
Proteome
Metabolome
Microbiome

Lung diseases

Omics analysis

Biomarkers
Therapeutic targets 

Personalized medicine

Gene-environment
interaction 

Fig. 1.2  Personalized medicine based on the omics data profiling
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The recent advances in analytical techniques have yielded enormous quantities of 
various types of individual biological information. Integrated omics 
(-omics =  -ome +  -ics) analyses have been conducted to incorporate information 
about the genome, epigenome, transcriptome (i.e., genomic DNA transcripts), pro-
teome (i.e., proteins), metabolome (metabolites), and in vivo microbiome (microbio-
tal genetic information). Furthermore, the concept of an exposome, which considers 
pathological conditions from the viewpoint of exposure to environmental factors, 
has been proposed in addition to the above types of biological information [51].

Personalized medicine is expected to provide very effective treatments; however, 
there remains the possibility of increased medical costs. Precision medicine is a 
type of personalized medicine that considers cost-effectiveness and obtains indi-
vidual biological information from a specific disease-related group to create appro-
priate treatment methods and disease prevention. In the State of the Union address 
given by US President Obama on January 20, 2015, the “Precision Medicine 
Initiative” was announced and gained worldwide attention. Active work with respi-
ratory diseases mainly involves the selection of molecular targeted therapeutic 
agents and the avoidance of side effects based on genetic analyses of lung cancer 
[52]. Pharmacogenomic research evaluates the relationship between genes and drug 
responses. Pharmacogenomic information can allow predictions of susceptibility 
and side effects to therapeutic agents [53]. Accordingly, pharmacogenomics is 
thought to play an important role in drug treatment and drug discovery research in 
the context of personalized medicine not only for lung cancer but also for other 
respiratory diseases.

1.8  �Conclusion

Continuous advances in microarray technology and NGS have facilitated the analy-
ses of genetic predispositions with improved convenience and cost-effectiveness. 
The enormous amounts of individual biometric information have led us to expect 
that in the future, individualized preemptive medicine will prevent the onset of 
respiratory diseases via early intervention.
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Chapter 2
Approaches to Understanding the Genetic 
Basis of Complex Diseases: Overview—
What Is the Rationale for the Genome-
Wide Approach to Understand Complex 
Diseases, Its Application and Limitations

Mayumi Tamari and Tomomitsu Hirota

Abstract  Pulmonary diseases are complex disorders caused by a number of 
environmental and genetic factors. Recent advances in technologies and study 
designs have revealed the genetic components of common diseases. Genetic map-
ping is an unbiased method to comprehensively identify genes and biological path-
ways involved in diseases or traits. Genome-wide association studies (GWASs) 
have convincingly identified disease-associated loci. Most of the associated variants 
identified by GWASs are located in noncoding regions, and the functional link 
between those disease-associated variants and clinical phenotypes remains unclear. 
Recent progress in next-generation sequencing (NGS) technologies has improved 
the functional annotation of the human genome and highlighted the importance of 
noncoding regions. Epigenetic studies, transcriptome analyses, and characterization 
of cis-regulatory regions have revealed a wide variety of molecular phenotypes: 
RNA expression and stability, transcription factor binding, DNA methylation, his-
tone modifications, and protein levels in various cell types and tissues. Recent 
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genome editing technology and pluripotent stem cells are also helpful to assess the 
functional effects of genetic risk variants in disease-relevant cell types. 
Interdisciplinary research to elucidate the relationships between risk variants and 
molecular phenotypes in the pathologically relevant cell types is necessary to 
identify the targets of the risk loci and improve our mechanistic understanding of 
diseases.

Keywords  Genome-wide association study · Genetic variants · Noncoding region 
Disease-relevant cell types

2.1  �Introduction

A number of technologies and study designs have identified genetic components of 
common diseases. The Human Genome Project is an international project that was 
launched in 1990 to determine the consensus sequence of the human genome [1]. 
The human nuclear DNA contains around three billion base pairs, and the draft 
sequence of the human genome was reported in 2001 [2]. Genetic variants are dif-
ferences of DNA sequences among individuals. These include single nucleotide 
polymorphisms (SNPs), insertion/deletions (indels), inversions, block substitutions, 
and copy number variants (CNVs). Among them, SNPs are the most frequent 
genetic variants (95%) [3]. The HapMap and 1000 Genomes Project have reported 
approximately 40,000,000 variants in the human genome. Human genetics is the 
scientific study of inherited human variations, and genetic mapping is a hypothesis-
free method to identify the localization of genes that influence the phenotypes on 
the bases of correlations with genetic variations [4]. Genome-wide association 
study (GWAS) is an unbiased method that is used to comprehensively identify the 
genetic components of human diseases and phenotypes [5]. To date, GWASs have 
identified a number of disease susceptibility loci for common diseases. The great 
majority of disease-associated variants (>80%) defined by GWASs are located in 
intronic or intergenic regions [6], though the functional links between those risk 
variants and diseases remain to be investigated. Recent technological progress has 
made possible accurate, cost-effective, and high-throughput sequencing, which has 
contributed to improving our knowledge of the complexity and diversity of genomes 
in phenotypes and diseases [7]. Next-generation sequencing (NGS) is applied not 
only for genetic mapping but also for epigenomics and transcriptomics. Epigenetic 
modifications of the human genome such as DNA methylation and histone modifi-
cation have been characterized, and large-scale reference epigenome databases are 
publicly available (http://www.roadmapepigenomics.org). RNA sequencing (RNA-
Seq) data are also openly available on several websites such as GTEx Portal (http://
www.gtexportal.org/home/) and Ensemble (http://www.ensembl.org/info/website/
tutorials/expression.html). Intensive studies annotating the genomic regions have 
facilitated the discovery of functional targets in the associated loci [8].
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2.2  �Genome-Wide Association Studies (GWASs)

2.2.1  �GWAS Method

Biologic insights identified by GWASs improve our knowledge of the pathophysiol-
ogy of respiratory diseases. GWASs assess the majority of common genetic varia-
tions, mainly SNPs, rapidly and cost-effectively, and try to identify genetic variants 
that are statistically associated with a disease or trait [5]. The results of published 
GWASs are summarized in GWAS Catalog (http://www.ebi.ac.uk/gwas/). 
Phenotypes of pulmonary diseases investigated by GWASs are shown in Table 2.1.

Table 2.1  Phenotypes of pulmonary diseases investigated by GWAS

Phenotypes Subphenotypes

Bronchial asthma
Asthma (SNP × SNP interaction)
Aspirin-exacerbated respiratory disease in 
asthmatics
Post-bronchodilator lung function in asthma 
(FEV1, FEV1/FVC)
Response to inhaled corticosteroid treatment in 
asthma (change in FEV1)
Bronchial hyperresponsiveness in asthma
Atopic march
IgE levels in asthmatics
Asthma and hay fever
Pulmonary function in asthmatics

Chronic obstructive pulmonary disease
Pulmonary emphysema
Emphysema distribution in smoking
Smoking cessation in chronic obstructive 
pulmonary disease

Interstitial lung disease
Idiopathic pulmonary fibrosis

Pulmonary function
Pulmonary function decline
Airflow obstruction

Tumors of the lung
Lung adenocarcinoma
EGFR mutation-positive lung adenocarcinoma
Squamous cell carcinoma
Response to platinum-based chemotherapy in 
non-small cell lung cancer
Platinum-induced hepatotoxicity in non-small 
cell lung cancer

(continued)
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2.2.1.1  �Microarrays for GWASs

Two platforms of genotyping arrays (products from Illumina and Affymetrix) have 
been used in most GWASs [9]. Although conventional GWAS arrays were created 
to tag common variants in European populations, multiethnic genotyping arrays 
have been developed for genetic association studies across diverse populations. 
Imputation is a statistical method that is used to infer untyped genotypes by using a 
reference panel of individuals extensively genotyped [10]. Meta-analysis that com-
bines multiple GWAS results can increase the power to detect an effect. Imputation 
is useful for meta-analysis to merge data from GWASs using different platforms. 
Small sample sizes may lead to insufficient statistical power and type II errors. 
Imputation provides a high-resolution overview of association results with increased 
statistical power to identify susceptibility loci.

2.2.1.2  �Data Quality Issues

After genotyping, several quality control procedures for samples and markers are 
necessary to minimize potential errors and biases in GWAS results. For sample 
quality, relatedness, sex inconsistencies, and population substructures are assessed. 
To find sample identity problems caused by blunders in sample handling, clinical 
and self-reported data such as sex and familial relationships are reconciled with 
genetic data. Population stratification can cause type I and type II statistical errors. 
To assess evidence of population stratification, principal component analysis (PCA) 
of the genotype data from the samples and on European, African, and East Asian 
(Japanese and Han Chinese) individuals derived from public databases is performed. 
The smartpca program is often used to calculate the principal components of genetic 

Phenotypes Subphenotypes

Platinum-induced myelosuppression in 
non-small cell lung cancer
Malignant pleural mesothelioma

Others
Cystic fibrosis severity
Primary spontaneous pneumothorax
Sarcoidosis
Tuberculosis
Acute lung injury
Bronchopulmonary dysplasia
Obstructive sleep apnea
Cough in response to angiotensin-converting 
enzyme inhibitor drugs

Those results are summarized in GWAS Catalog (https://www.ebi.ac.uk/gwas/)

Table 2.1  (continued)
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data and to remove outliers prior to GWAS [11]. Sample genotyping call rates are 
also used to remove insufficient samples. For marker quality, markers with low 
genotyping call rates or minor allele frequencies <0.01 and markers that are not 
within Hardy-Weinberg equilibrium are usually excluded from the analysis as poor-
quality variants. If the associations of variants are assessed by other methods such 
as TaqMan assay and Invader assay in a replication study, the concordance rates of 
genotyping results between the GWAS array and other methods should be shown.

2.2.1.3  �Statistical Analysis for GWAS

The significance of the association with each genetic variant in the GWAS and vali-
dation study is statistically assessed using techniques such as the one-degree-of-
freedom Cochran-Armitage trend test. Data from the GWAS and a validation study 
are combined by the Mantel-Haenszel method. An association result with a large 
number of data points is usually shown as a Manhattan plot (Fig. 2.1). The −log10 P 
values of genetic variants in the GWAS are plotted against their respective chromo-
somal positions. The odds ratio and 95% confidence interval (CI) are calculated from 
a 2  ×  2 allele frequency table. Meta-analysis of Transethnic Association studies 
(MANTRA) has been developed to conduct transethnic meta-analysis of GWASs 
[12]. The Breslow-Day test is used to examine heterogeneity across the studies. The 
thresholds of statistical significance are adjusted for multiple testing, and the genome-
wide significance level of P < 5.0 × 10−8 is the most commonly used threshold.
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Fig. 2.1  Manhattan plot showing the −log10 P values in the GWAS plotted against their respective 
positions on autosomes and the X chromosome. The red line indicates the genome-wide signifi-
cance threshold (P = 5 × 10−8)
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2.2.2  �Transethnic Analysis of GWASs

Most earlier GWASs were conducted in European populations to minimize popula-
tion stratification effects. Recently, a number of GWASs have been performed in 
populations with ethnically diverse genetic ancestries. Transethnic studies across 
worldwide populations enable us to conduct a large-scale replication studies and to 
increase statistical power [13]. Although population-stratification-related confound-
ing causes false positives in GWASs, shared signals across multiple distant ancestral 
populations are helpful to identify functional and causal variants and can prioritize 
loci for further replication and sequencing studies. Methods for meta-analysis 
assume one of two theoretical models, the fixed effects and random effects models 
[13]. Fixed effects models assume that an association observed in one cohort will 
have a similar effect size in other cohorts. Random effects models assume that effect 
sizes are highly variable but that they usually follow the normal distribution. 
MANTRA software is a powerful tool for detecting overlapping associations and 
fine mapping of risk variants and has been used to conduct transethnic meta-analysis 
of GWASs [13].

2.2.2.1  �Population-Specific Loci

Allele frequencies of genetic variants, linkage disequilibrium, and haplotype struc-
tures are often different between ethnic populations. Population-specific risk vari-
ants are often observed in inflammatory diseases. It has been considered that the 
evolution of the human genome and populations probably influences the genetic 
components of common diseases, and infectious diseases are a major selective pres-
sure. A recent study has reported that the susceptibility loci for inflammatory dis-
ease are enriched with genetic signatures for positive natural selection [14]. The 
study implied that the recurrent epidemics of the bubonic plague in European popu-
lations might function as putative selective events [14]. Another study has reported 
that a risk allele of celiac disease, allele SH2B3 rs3184504A, shows stronger activa-
tion of the pathway of NOD2 recognition [15]. Celiac disease is a common inflam-
matory disease and affects 1–2% of the Western population. SH2B3 plays a role in 
protective immunity against bacterial infection. The study suggests a selective 
sweep for SH2B3, which arose at some time between 1200 and 1700 years ago [15].

2.2.3  �Missing Heritability

Heritability is defined as the portion of phenotype variability in the population that 
can be explained by the genotype. Earlier GWASs identified a number of genomic 
regions associated with common diseases; however, their odds ratios were small 
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(often <1.3) [16]. Those genetic susceptibility variants can explain very little of the 
heritability of common diseases (often <10%), and this gap is called “missing heri-
tability.” Furthermore, the majority of loci are not in linkage disequilibrium with 
coding exons. A variety of factors have been considered to explain missing herita-
bility: contributions of untested genetic variations such as rare variants or copy 
number variation, epistatic effects, myriad common variants of small effects, syn-
thetic association with common variants, gene–environment interactions, lack of 
statistical power, population stratification, parent-of-origin effects, and epigenomic 
effects [17]. Sequence-based analyses of common diseases to investigate rare 
disease-associated variants have been undertaken (Fig. 2.2).

2.2.4  �Phenome-Wide Association Studies (PheWASs)

Multiple phenotypes are sometimes associated with the same gene or variant, and 
these are called cross-phenotype associations [18]. Electronic health records and 
epidemiologic research provide a large amount of detailed phenotypic data. The 
Electronic Medical Records and Genomics (eMERGE) network is a consortium of 
US medical research institutions that was founded in order to perform a GWAS 
using electronic health records. A phenome is the set of all phenotypes, and one 
PheWAS tested a set of genetic variants for associations with an assemblage of 
human diseases and traits [18]. The direction of inference in a PheWAS from the 
genetic variant to the outcome is different from that in a GWAS. The PheWAS can 
comprehensively investigate the impacts of genetic variants with established func-
tions on clinical phenotypes and the influences of environmental exposures and life 
stages. These studies may contribute to the identification of novel targets for the 
prevention of various conditions.

Genetic Mapping Annotation of Human Genome

Common variants
Genome-wide association study

Identification of the Functional Targets in the Risk Loci

RNA expression and stability
DNA accessible regions
DNA methylation
Transcription factor binding
Histone modifications
Protein levels

Rare variants
Target resequencing
Whole exome sequencing
Whole genome sequencing

Evolutionarily conserved regions

Analyses of disease-relevant 
cell types and tissues

Fig. 2.2  Methodologies to investigate functional link between disease-associated variants and 
clinical phenotypes
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2.3  �Sequencing Analysis for Common Diseases

2.3.1  �Next-Generation Sequencing

Next-generation sequencing (NGS) using miniaturization technology can determine 
the precise order of nucleotides in multiple regions of the genome rapidly and inex-
pensively [19]. Those fragments derived from NGS platforms are pieced together 
by mapping to the human reference genome. NGS technologies have been used in a 
wide variety of genomic studies and include de novo genome sequencing, DNA 
resequencing, transcriptome sequencing, and genomic location analyses. Sequencing 
depth is the average number of times that a given nucleotide is represented in a col-
lection of random raw sequences. The issue of sequencing depth is discussed in a 
recent review [20].

2.3.2  �Rare-Variant Association Analyses

Conventional arrays used in earlier GWASs did not contain a number of rare vari-
ants, and earlier GWASs focused on common variants with minor allele frequencies 
of 5% or more. Therefore, the contributions of rare variants to susceptibility to com-
mon diseases have not been fully investigated. It has been suggested that some of 
the modest associations identified by GWASs may be pointers to rare variants with 
much larger effects [7]. Advances in sequencing technologies and reductions in cost 
have made it possible to evaluate the contribution of rare variants to the risks for 
diseases [21]. International approaches to characterize rare variants and to increase 
understanding of the mechanisms of disease have been conducted [3]. One study 
assessed the genomes of 1092 subjects from a total of 14 populations by using a 
combination of low-coverage whole-genome and whole-exome sequencing and 
found that rare variants show geographic differentiation [3]. Therefore it is impor-
tant to consider ethnicity in rare-variant association analyses. Furthermore, increas-
ing sample size is necessary to achieve sufficient statistical power and to detect rare 
events in genome-wide scans.

2.3.2.1  �Deep Resequencing Around Candidate Regions

Synthetic association is a phenomenon in which “the disease class causing an 
observed association may consist of multiple low-frequency variants across large 
regions of the genome” [22]. Fine mapping of candidate loci using resequencing 
techniques has become economically feasible. Recent studies of targeted region 
sequencing have reported rare coding variants with strong effects on Crohn disease 
and hypertriglyceridemia [21]. However, a number of association studies for rare 
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variants have revealed that most variants show only modest to small effects on the 
variability of phenotypes [23]. Increasing sample sizes and transethnic analyses 
have been utilized to obtain sufficient power. The top signal observed across differ-
ent ethnic populations can be helpful to prioritize regions for resequencing. At pres-
ent, genotyping with arrays is still considered to be useful to assess genetic variants 
with minor allele frequencies >1% compared with resequencing analyses.

2.3.2.2  �Targeted Resequencing Analysis in Asthma

A recent study explored rare variants in asthma susceptibility by resequencing can-
didate genes [24]. The study examined a total of nine genes that had the strongest 
signatures of purifying selection among 53 candidate genes for asthma susceptibil-
ity: ADRB2, AGT, CFTR, CHIA, DPP10, IKBKAP, IL12RB1, PLA2G7, and TGFB1. 
The exons and flanking noncoding genomic regions were sequenced using 450 
patients (108 Euro-Americans and 342 African-Americans) with asthma and 515 
controls (248 Euro-Americans and 267 African-Americans). Rare variants in four 
genes (AGT, DPP10, IKBKAP, and IL12RB1) were associated with asthma in the 
African-American populations, and those in IL12RB1 were associated with asthma 
in Euro-American populations. Most of the rare variants in those genes were popu-
lation specific. Associations between asthma and nonsynonymous rare variants in 
the DPP10 and IL12RB1 gene were identified in the African-American and Euro-
American populations, respectively. Overall, rare noncoding rare variants in flank-
ing regions of the exons predominantly contributed to asthma susceptibility [24].

2.3.3  �Whole-Exome Sequencing (WES) and Whole-Genome 
Sequencing (WGS)

Whole-genome sequencing (WGS), whole-exome sequencing (WES), targeted 
sequencing of candidate genes, and exome arrays, respectively, are methodologies 
for rare variant assessment (Fig. 2.3). With the decreasing cost of NGS, WES, and 
WGS, it has become possible to catalogue genetic variants in noncoding regions. 
WES is clinically used to search for genetic mutations and access the ~2% of the 
human genome focusing on protein-coding exons [25]. Polyphen2 (http://genetics.
bwh.harvard.edu/pph2/) and SIFT (http://sift.bii.a-star.edu.sg/) can predict the pos-
sible impact of an amino acid substitution on the function and structure of a protein. 
WGS can investigate all types of genetic variants, single nucleotide variants, copy 
number variants, and structural variants (Fig. 2.3). WES and WGS have been widely 
used to find unknown causes of diseases such as Mendelian diseases. However, very 
large sample sizes are necessary for those studies of common diseases to identify 
low-frequency risk alleles with sufficient statistical power.
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2.4  �Structure and Function of the Human Genome

2.4.1  �Cis-regulatory Regions

The majority of GWAS-identified associations are localized in noncoding regions of 
the genome. It is necessary to improve our understanding of the structure and func-
tion of the human genome to determine the roles of genetic risk variants of diseases. 
It has been suggested that disease-related genetic variants are enriched in regulatory 
regions, which are active in cell types involved in disease pathogenesis [26]. 
Methodologies to investigate functional links between disease-associated variants 
and clinical phenotypes are summarized in Fig. 2.2.

Common variants on genotyping array with allele frequency >1%

~2% of the human genome focusing on protein-coding exons 

All types of variants (SNVs, CNVs, indels and structural variants)

Genome-Wide Association Study (GWAS)

Whole Exome Sequencing (WES)

Whole Genome Sequencing (WGS)

Exons

All types of variants (SNVs, CNVs, indels and structural variants)

Target Resequencing (Fine Mapping of the Candidate Locus)

Fig. 2.3  Targets of genetic mapping analyses. SNVs, single nucleotide variants; CNVs, copy 
number variations; indels, insertions and deletions
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2.4.1.1  �Features of Cis-regulatory Region DNA

Genomic regions that determine where and when genes are transcribed are termed 
cis-regulatory regions. The regions consist of cis-regulatory elements. Transcription 
factor binding sites (TFBSs), usually ~15 bp in length, are core elements of cis-
regulatory regions [25]. Identification of functional cis-regulatory regions is crucial 
to assess the impacts of genetic variants on gene expression and to understand the 
functions of the noncoding regions. The cis-regulatory regions have several fea-
tures: open chromatin, chromatin confirmation, nucleosome, histone modification, 
TFBSs, DNA methylation, conservation, and GC content [25]. Chromatin consists 
of DNA and proteins that make up chromosomes. The nucleosome is an organiza-
tional unit of chromatin that consists of a DNA segment and a histone octamer. 
Nucleosomes are depleted in many promoter and enhancer regions. DNaseI-
hypersensitive sites are considered to be active regions that have regulatory func-
tions such as enhancers, silencers, promoters, and insulators. Open chromatin 
regions, which are accessible for transcription factors and other proteins, are identi-
fied by DNaseI hypersensitivity assay. The nucleotide composition of the genome 
such as the GC content can highlight CpG islands. The presence of CpG islands is 
a hallmark of promoters. A recent study reported influences of CpG islands and GC 
content on nucleosome depletion of promoters [27].

2.4.1.2  �Analysis of Chromatin Conformation

Chromatin loop formation enables enhancers and promoters to interact physically to 
regulate expression. This formation can be analyzed by chromatin conformation 
assay, which investigates genomic regions interacting closely in a three-dimensional 
architecture. Chromosome conformation capture techniques are powerful tools to 
investigate chromatin interactions in the three-dimensional space of the nucleus 
[28]. After cross-linking of chromatin, shearing and ligation steps fuse DNA frag-
ments from two distant genomic regions. High-throughput sequencing of those 
fragments provides information on distant targets of regulatory elements [28].

2.4.1.3  �Analysis of Transcription Factors and Histone Modifications

Specific antibodies can assess histone modifications and transcription factor bind-
ings. Chromatin immunoprecipitation-sequencing (ChIP-seq) is a widely used 
method for genome-wide assessment of transcription factor and DNA interactions 
[29]. Histone N-terminal tails are posttranslationally modified and affect the chro-
matin structure. The Roadmap Epigenomics Consortium has reported analysis of 
111 reference human epigenomes and contains histone modification profiles as well 
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as information on the accessibility and methylation of DNA and RNA expression 
[30]. Associations between histone marks and functional regions assessed in that 
study are shown in Table 2.2. Asthma is a Th2 cell-mediated chronic airway inflam-
matory disease. A recent study mapped the genome-wide of histone modification 
profiles of helper T cells using asthmatic and healthy subjects [31]. The study iden-
tified disease-specific enhancers that gained the H3K4me2 mark during Th2 cell 
development [31]. Interestingly those Th2 cell-specific enhancer regions are highly 
enriched for susceptible variants of asthma [31].

2.4.1.4  �Analysis of Conserved Regions

It has been considered that conserved sequences among species are likely to be 
functional regions. Comparative genomics across mammalian or vertebrate genomes 
has improved our knowledge of noncoding elements. Conserved regions suggest 
their functional roles are influenced by natural selection [25, 28]. There are 500 
ultraconserved elements in the human genome in which ≥200 bases are perfectly 
conserved among human, mouse, and rat [1]. Most of those elements are highly 
enriched in tissue-specific active enhancers in embryonic development [1].

2.4.1.5  �DNA Methylation

DNA methylation is a heritable epigenetic mechanism that consists of the addition 
of a methyl (-CH3) group to a cytosine nucleotide. DNA methylation in a promoter 
region can modify the function of the gene and typically acts to repress gene tran-
scription. Perturbations of DNA methylation patterns are frequently observed in 
human diseases [32]. Recent technologies enable us to assess genome-wide DNA 
methylation profiles.

2.4.1.6  �Epigenome-Wide Association Study (EWAS)

IgE plays an important role in atopic immune responses. An epigenome-wide asso-
ciation study of total serum IgE concentrations was reported in 2015 [33]. In that 
study, whole-blood DNA methylation levels at genome-wide CpG sites were 

Table 2.2  Association between genomic 
regions and histone modification marks

Promoter regions H3K4me3
Enhancer regions H3K4me1
Transcribed regions H3K36me3
Polycomb regions H3K27me3
Heterochromatin regions H3K9me3
Increased activation of 
enhancer and promoter 
regions

H3K27ac, H3K9ac
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investigated using Illumina HumanMethylation27 arrays. This array was developed 
for investigation of individual CpG sites within proximal promoter regions of 
14,475 genes. The study found associations between IgE levels and low methylation 
at 36 loci in a meta-analysis with a false discovery rate <10−4. Annotated genes such 
as IL5RA, PGR2, PGR3, and GATA1 located in those loci encode characteristic 
molecules of eosinophils [33]. The most significant association was identified at 
cg01998785, adjacent to LPCAT2, which encodes lysophosphatidylcholine acetyl-
transferase 2. LPCAT2 plays a role in the production of platelet-activating factor 
(PAF) in inflammatory cells. Novel therapeutically tractable pathways involving 
IgE production were suggested in that study [33].

2.4.1.7  �Databases of Regulatory Elements

GWAS susceptibility loci show tissue-specific enrichment at histone marks, DNase 
I hypersensitivity sites (DHS), and other regulatory elements, and studies of those 
genomic regions are useful to prioritize causal genetic variants to be investigated 
[34]. The aim of the Encyclopedia of DNA Elements (ENCODE) project is to clar-
ify functional elements in the human genome comprehensively [35]. The project 
has reported that approximately 80% of the human genome is annotated as func-
tional [35]. The NIH Roadmap Epigenomics Program, which builds on the ENCODE 
project, was launched in 2003 to improve our understanding of gene regulation, 
cellular differentiation, and human disease (http://www.roadmapepigenomics.org). 
The project has also annotated predicted regulatory elements such as enhancers in 
the human genome sequence. Enrichment analyses of GWAS-identified regions 
provide insights about the functional mechanisms of disease.

2.4.2  �RNA

2.4.2.1  �Features of RNA

It is considered that the human genome contains about 20,000 protein-coding genes 
(mRNAs) and a number of noncoding RNAs that are involved in gene expression 
via transcriptional or posttranscriptional modifications [36]. Understanding of the 
diversity and functions of those RNAs is necessary for the functional characteriza-
tion of disease-susceptibility regions [36]. Small nuclear RNA (snRNA) processes 
pre-mRNA, and small nucleolar RNA (snoRNA) processes ribosomal RNA (rRNA), 
transfer RNA (tRNA), and snRNA. Antisense RNA (aRNA) and long noncoding 
RNA (lncRNA) are involved in gene regulation. MicroRNA (miRNA), a small non-
coding RNA (small ncRNA), is involved in mRNA degradation and posttranscrip-
tional inhibition. Small interfering RNA (siRNA) plays roles in posttranscriptional 
gene silencing through interference with the expression of specific genes with com-
plementary sequences and degradation of mRNA after transcription. Piwi-interacting 
RNA (piRNA) interacts with Piwi proteins, and these RNA-protein complexes 
protect genomic integrity.
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2.4.2.2  �Expression Quantitative Trait Loci (eQTLs)

Regulatory elements are DNA regions including promoters, enhancers, and insula-
tors that regulate expression of target genes. Genetic studies of gene expression 
play a key role in linking genetic variations to phenotypes. Expression quantitative 
trait loci (eQTLs) are genomic regions that contain one or more genetic variants 
that influence the expression level of a given gene [37]. eQTLs are useful to inves-
tigate the effects of genetic variants on gene expression [37]. However, most of 
those studies examined blood cells, lymphoblastoid cells, and accessible tissues 
such as fat or skin. The Genotype-Tissue Expression (GTEx) project was started to 
establish a database showing the relationships between genetic variants and gene 
expression in human tissues (http://www.gtexportal.org/) [38]. The project plans to 
assess the relationships between whole-genome sequence variations and RNA 
sequencing data for ≥50 tissues from almost a thousand postmortem donors [38]. 
Another study assessed the contribution of genetic variants to gene regulation from 
chromatin to proteins in detail [39]. Interestingly, about 65% of eQTLs show effects 
through chromatin, and about 35% of eQTLs are enriched in transcribed regions, 
and the study identified a total of 2893 splicing eQTLs [39]. The study suggested 
three primary regulatory mechanisms linking common variants to complex dis-
eases: effects via chromatin, direct effects on expression, and direct effects on pre-
mRNA splicing [39]. Furthermore, interactions between genetic factors and 
environmental factors are considered to contribute to disease risk. Response eQTLs 
(reQTLs), which are associated with differential expression after stimulation, which 
have been investigated include human dendritic cells stimulated with LPS, influ-
enza and interferon-β [40], monocytes stimulated with interferon-γ, and LPS [41]. 
These resources will improve our understanding of the pathophysiology of immune-
mediated diseases.

2.4.2.3  �Enhancer RNAs

Enhancer RNAs (eRNAs) are noncoding RNAs transcribed from enhancers and act 
as functional enhancers [42]. Transcription factors bind enhancer elements and 
recruit cofactors and RNA polymerase II (RNAPII) to target genes to regulate gene 
expression. Transcription factors also interact with cofactors, protein complexes 
that do not have DNA-binding properties but modify the chromatin structure. 
Cofactors play an important role in DNA loop formation and maintenance, and 
cohesin stabilizes the DNA loop formed between enhancers and promoter elements 
[42]. eRNAs regulate the chromatin accessibility of promoters and RNAPII binding 
and facilitate the formation or stability of the loop formation of enhancers and 
promoter elements [42].
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2.4.2.4  �Long Noncoding RNA

Long noncoding RNAs (lncRNAs) are nonprotein-coding transcripts that are longer 
than 200 nucleotides. Cap analysis of gene expression (CAGE) data provides infor-
mation on multiple transcription start sites with high precision [43]. A recent study 
generated a comprehensive atlas of human lncRNAs with high-confidence 5′ ends 
by using FANTOM5 CAGE data, and a total of 19,175 potentially functional 
lncRNAs were identified [43]. In the study, 1970 and 3166 lncRNAs were impli-
cated in GWAS traits and eQTLs, respectively, and conserved lncRNAs were sig-
nificantly enriched in those regions [43].

2.4.3  �Functional Roles of Coding Regions

Nonsynonymous risk variants such as nonsense and missense variants can result in 
a change in protein structure and/or function. Synonymous risk variants are located 
in coding exons but do not alter the amino acid sequence. Recent studies have shown 
that synonymous variants can alter translation rates and influence protein folding 
[8]. Another study has reported that approximately 15% of human codons are dual-
use codons that simultaneously specify both amino acids and transcription factor 
recognition sites [44]. Those findings imply that synonymous variants might have 
functional effects. Splicing is the editing of the precursor mRNA that removes 
introns and joins exons. Exonic splicing enhancers (ESEs) consisting of specific 
hexamer sequences and an AG sequence play a role in recruitment of the splicing 
complex to pre-mRNA. It has been reported that genetic risk variants, which disrupt 
ESE, lead to exon skipping that results in a shorter protein [45].

2.5  �Functional Links between Risk Variants and Phenotypes

2.5.1  �Prediction of Causal Disease Variants

Although GWASs have identified thousands of susceptibility loci for a diverse set of 
diseases, the causal variants and mechanisms remain unclear. A recent study devel-
oped a fine-mapping algorithm, probabilistic identification of causal SNPs (PICS), 
to predict candidate causal variants and integrated the genetic data with transcrip-
tion and cis-regulatory element annotations for 21 autoimmune diseases [46]. The 
study investigated primary human immune cells, resting and stimulated CD4+ T 
cells, regulatory T cells, CD8+ T cells, B cells, and monocytes. It mapped a total of 
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six histone modifications by ChIP-seq and conducted RNA-Seq and also incorpo-
rated data from the NIH Epigenomics Project and ENCODE. Interestingly, about 
60% of causal variants have been mapped to immune cell enhancers and tend to be 
located near binding sites for master regulators of immune responses [46]. However, 
only 10–20% of those variants appear to alter transcription factor binding motifs 
directly [46]. Further studies are necessary to explain the influences of other non-
coding risk variants in gene regulatory models. Chromatin loop formation and 
nonprotein-coding transcripts are especially interesting as targets for study.

2.5.2  �Trait Mapping Using Transcriptome Data

The primary purpose of genetic mapping is not to predict disease risks but to 
improve knowledge of disease mechanisms [4]. Although we cannot identify the 
causal genes and mutations, understanding of disease pathways can suggest strate-
gies for diagnosis, therapy, and prevention [4]. A gene-based association method 
using reference transcriptome data, PrediXcan, has been developed to find trait-
associated genes [47]. GWASs compare five to ten million genotyped or imputed 
variants, and stringent Bonferroni correction has been widely used for multiple test-
ing. Gene-based tests have a benefit with regard to the multiple testing burden, with 
approximately 20,000 tests conducted for 10,000 genes with high-quality prediction 
in most tissues. PrediXcan is focused on the regulation of gene expression and esti-
mates the genetically determined component [47]. Whole-genome tissue-dependent 
prediction models are used with reference transcriptome datasets such as the GTEx 
Project and GEUVADIS (http://www.geuvadis.org) and estimate genetically regu-
lated gene expression [47]. Another study using gene-based analysis of regulatory 
variants identified four putative novel asthma risk genes involved in nucleotide syn-
thesis (B4GSLT3 and USMG5) and signaling (P2RY13 and P2RY14) [48]. The study 
identified associations between asthma and eQTL for those four genes. Interestingly, 
P2ry13 and P2ry14 are upregulated in airway epithelial cells, eosinophils, and neu-
trophils after allergen challenge in a mouse model [48].

2.5.3  �Multiomic Studies

Although interindividual variability of immune responses is well recognized, 
recent studies have assessed only a few factors. To advance our knowledge of the 
variability of human immune responses more comprehensively, the Human 
Functional Genomics Project (HFGP) (http://www.humanfunctionalgenomics.
org) was launched in 2013 [49]. The project integrates omic techniques with strin-
gent phenotyping of immune responses in diseased and healthy subjects [49]. The 
HFGP database will contribute to the progress of functional genomic studies of 
human immune-mediated disorders. Another study performed high-resolution 

M. Tamari and T. Hirota



31

genome, epigenome, and transcriptome sequencing analyses of human immune 
cells (CD14+ monocytes, CD16+ neutrophils, and naïve CD4+ T cells) [50]. This 
multiomic study revealed genome-epigenome coordination in cell-specific 
contexts and functionally mapped disease mechanisms to autoimmune-related 
loci [50].

2.5.4  �Functional Validation of Predictions by Using  
a Genome Editing System

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated gene system (CAS) is a precise and efficient genome editing technology 
that can be used in living eukaryotic cells [51]. We can assess functional effects of 
genetic risk variants such as gene expression, transcription factor recruitment, and 
protein structure by using such model systems. Although most susceptible variants 
identified by GWASs are located in noncoding regions of the genome, a large pro-
portion of them are not conserved across different species. Pluripotent stem cells 
such as induced pluripotent stem cells (iPSCs) can be differentiated into a wide 
variety of cell types and contribute to cell-based disease modeling [8]. Genome edit-
ing by using the CRISPR technology in appropriate cells will be a powerful tool for 
characterization of risk alleles in disease development.

2.6  �Toward Clinical Application of Genetic Researches

GWASs have highlighted previously unexpected biological pathways and revealed 
the overlap between risk variants among different diseases by comparisons of 
GWAS results across diseases. Such findings are helpful to identify effective drug 
targets. GWAS findings are also valuable for biomarker identification and disease 
subclassification and useful to select treatments and drug dosages [16, 46].

2.6.1  �Super-enhancers and Diseases

Super-enhancers, a subset of enhancers, play important roles in the definition of cell 
identity [52]. The definition of super-enhancers is useful to identify regulatory 
regions that control genes involved in cell-type specification. Disease susceptibility 
variants for immune-mediated disorders are especially enriched with T-cell super-
enhancers compared with typical enhancers or super-enhancers in other cell types 
[53]. Interestingly, tofacitinib, which inhibits Janus kinase disproportionately, alters 
the structures of super-enhancers and the expression of risk genes of rheumatoid 
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arthritis [53]. Further investigation of super-enhancers in disease-relevant cell types 
might be helpful for understanding pathophysiology and for the identification of 
new drug targets.

2.6.2  �Drug Repositioning

Drug repositioning also called reprofiling is the application of known drugs for 
treatment of new diseases. Protein products of genes or pathways that are identified 
by GWASs can be assessed to determine whether they are targets for approved ther-
apies or drugs in development. A recent study conducted a GWAS meta-analysis of 
rheumatoid arthritis using >100,000 individuals of European and Asian descent, and 
a total of 42 new risk loci at genome-wide significant levels were reported [54]. The 
study also identified 98 candidate genes at 101 susceptible loci that are existing drug 
targets, by using bioinformatics methods, and has implied the possibility of reposi-
tioning drugs approved for other uses [54]. ChEMBL (https://www.ebi.ac.uk/
chembl/compound) is an open database for drug discovery that contains informa-
tion on a large number of drug-like bioactive compounds. Another GWAS assessed 
a total of 48,943 subjects selected from extremes of the pulmonary function distri-
bution and conducted a replication study using 95,375 subjects [55]. The study 
identified a total of 43 novel association signals for pulmonary function and was 
able to highlight drug targets such as genes in the inositol phosphate metabolism 
pathway and CHRM3  in the development of asthma and COPD by using the 
ChEMBL database [55]. GWAS and comprehensive genetic studies provide crucial 
information for drug discovery.

2.7  �Conclusion

Genetic mapping methods such as GWAS, target resequencing, WES, and WGS 
have discovered genetic components of common human diseases. However, the 
associations explain only a small fraction of the phenotypic variance. Extensive 
phenotypic information from larger sample sizes and recording of environmental 
factors are crucial to improve our understanding of the genetic bases of common 
diseases. Functional links between disease-related variants and clinical phenotypes 
also remain to be clarified. Intensive studies on the epigenome, transcriptome 
sequencing analyses, and characterization of cis-regulatory regions in various cell 
types and tissues are currently in progress. Further interdisciplinary research includ-
ing deep phenotyping and genotyping studies and functional studies of risk variants 
in disease-relevant cell types are necessary for the application of genetic knowledge 
to clinical practice.
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Chapter 3
Bronchial Asthma: Is Asthma Inherited?

Nobuyuki Hizawa

Abstract  Asthma runs strongly in families and has a heritability rate of up to 70%. 
Genetic studies offer a structured means for understanding the causes of asthma and 
for identifying targets of treatment for the syndrome. As with studies of other com-
mon complex diseases, genetic studies of asthma have led to considerable advances 
in the understanding of this disease. Genome-wide association studies have greatly 
advanced the identification of the most important genes predisposing individuals to 
asthma. Several genes act in pathways that communicate the presence of epithelial 
damage to the adaptive immune system; identification of these genes has provided 
a new focus for the development of effective therapies. However, these loci explain 
only a small proportion of the heritability of the disease because the phenotypic 
heterogeneity of asthma greatly complicates genetic analysis. A specific phenotype 
is likely to be more closely related to a specific pathogenetic mechanism, and focus-
ing on a particular phenotype may increase the power of genetic studies and conse-
quently lead to a better understanding of an endotype defined by a distinct functional 
or pathobiological mechanism. Genetic predisposition to the dysregulation of par-
ticular pathways may further help to define subgroups of asthma. In the end, this 
approach may lead to diagnosis for patients based, in part, on their genetic makeup 
and to new therapeutic prospects. In addition, further work is necessary to under-
stand the biological consequences of the known susceptibility variants; the most 
immediate challenge in this field is the systematic analysis of the precise functions 
of these genes in the pathogenesis of asthma. Detailed functional dissection of the 
roles of these genes in asthma will point the way to new therapies for the disease.
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3.1  �Introduction

Asthma runs in families, and children of asthmatic parents are at increased risk of 
asthma. Studies of twins and of families of asthmatic individuals have shown that 
asthma occurs in a pattern consistent with heritable factors [1]; twin and family 
studies suggest that 60–70% of asthma is heritable [2]. In the past 30 years, research-
ers have tried to find the genes that account for this heritability. Initial efforts inves-
tigating candidate genes in a relatively small number of cases and controls produced 
at best varying results; however, a major breakthrough came with the introduction 
of the genome-wide association study (GWAS) [3]. The varied clinical patterns seen 
in asthma reflect individual genetic profiles combined with environmental expo-
sures that initiate persistent bronchial inflammation and tissue injury and lead to 
pathophysiological abnormalities and airway wall remodeling [4]. The heterogene-
ity of asthma makes optimizing treatment a challenge, especially for patients that 
respond poorly to current therapies [5]. In recent years, the concept of the endotype 
has become increasingly important in the study of asthma. A phenotype is defined 
as a group of similar clinically observable characteristics that lacks a documented 
and direct etiologic relationship with a distinct pathophysiological mechanism. In 
contrast, the term endotype is used to describe “a subtype of a disease defined by a 
unique or distinctive functional or pathophysiological mechanism” [6]. 
Hypothetically, variation in environment influences on individual genotypes can 
lead to heterogeneous endotypes of asthma. Several clinical phenotypes can overlap 
in one patient, and the same clinical phenotype could result from different endo-
types. Understandings of endotype will, therefore, lead to an improved understand-
ing of disease heterogeneity and progression and contribute to the development of 
new targeted treatments. Consequently, future treatment options are likely to target 
individual endotypes that are each defined by a distinct pathophysiological mecha-
nism such as type-2 inflammation, viral infection, bacterial colonization, dysregu-
lated lung growth, and systemic inflammation.

3.2  �Genome-Wide Association Studies

Over the past decade, GWASs have been used extensively to investigate the genetic 
bases of common complex diseases, including asthma [7, 8]. Before GWASs, many 
candidate-gene studies were done for asthma susceptibility [9, 10]; however, most 
of the positive associations were not replicated in GWAS because of differences in 
either phenotype definition or the populations studied (either in terms of ancestry or 
environmental exposures) or because of false positives and small sample sizes in the 
original candidate-gene studies.

GWASs use genotyping arrays with up to millions of probes for single-nucleotide 
polymorphism (SNP) markers located throughout the genome. This method pro-
vides an unbiased or hypothesis-independent means to identify the underlying 
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genetic variants that contribute to a disease, its severity, and intermediate pheno-
types, such as lung function and bronchial hyperresponsiveness in the case of 
asthma. The first completed GWAS for asthma involved 994 childhood-onset 
asthma patients and 1243 non-asthma controls; this study identified asthma-
associated SNPs within chromosome 17q21 that span the ORMDL3/GSDMB genes 
[11]. These SNPs showed highly significant association with childhood asthma, and 
the associations with asthma were also replicated in two independent cohorts. The 
validity of the GWAS findings regarding ORMDL3 was confirmed using eQTL; 
markers associated with asthma were also strongly associated (p < 10−22) in cis with 
transcript levels of ORMDL3 [12]. This association has been widely replicated in 
several European ancestry samples [13, 14], as well as in Asians [15] and Hispanics 
[16]. Larger case-control populations have identified additional loci consistently 
associated with asthma; these include IL33 on chromosome 9p24, HLA-DR/DQ on 
6p21, IL1RL1/IL18R1 on 2q12, TSLP on 5q22, and IL13 on 5q31 [17, 18]. In an 
expanded GWAS by the European-based GABRIEL Consortium (10,365 individu-
als with physician-diagnosed asthma and 16,110 unaffected individuals), 5 genes in 
addition to the ORMDL3 locus were strongly associated with asthma [14], of which 
2, IL-33 and the chromosome 2 locus IL1RL1/IL18R1, were replicated in the EVE 
Consortium [19]. In an independent GWAS on eosinophil counts in Icelanders, the 
IL33 and IL1RL1 SNPs were similarly strongly associated with asthma, but with 
atopic asthma, not nonatopic asthma [18]. IL33 is a member of the IL-1 family that 
induces Th2 cytokines, and its receptor, ST2, exists as membrane and circulating 
soluble protein. IL-33 is produced by mast cells following IgE-mediated activation 
[20]. Greater IL33 expression has been observed in the airway smooth muscle cells 
[21] and airway epithelium of patients with asthma than in those of healthy indi-
viduals [22].

Although much progress has been made in recent years in identifying genes 
involved in the risk of developing asthma, alleles identified through GWAS account 
for a relatively small fraction of missing heritability [3]. Several explanations 
include overestimation of heritability of the complex traits and underestimation of 
the effects of alleles identified through GWAS.  In addition, yet-to-be identified 
common as well as rare alleles might explain the missing heritability. Moreover, 
gene-gene and gene-environment interactions might explain another fraction of the 
heritability of asthma. Genotype effects for many regulatory variants may be con-
text or environment specific, and these variants may fail to reach genome-wide 
thresholds of significance in typical GWAS. To explore a multi-genetic approach, an 
Australian GWAS [23] assessed the use of genetic loci identified by the European 
GABRIEL Consortium to predict disease status. Although the multi-SNP score gen-
erated from the ten most associated loci reported in the GABRIEL study was sig-
nificantly associated with asthma in the Australian study population (p = 8·2 × 10−15), 
the sensitivity and specificity of this multi-SNP score were low. This result has little 
clinical relevance, as the multi-SNP scores tested had very poor discriminative abil-
ity, with values for the area under the receiver operator characteristic curve (AUC) 
not exceeding 0.58. These findings highlight the need for even more complex 
genetic models and improved phenotyping for disease prediction. Another study 
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aimed to construct a multi-locus profile of genetic predisposition to asthma—a 
genetic risk score—from a comprehensive case-control GWAS of asthma [14] and 
then to calculate this score in an unselected cohort followed from birth to midlife 
[24] with extensive asthma phenotyping across nine assessments spanning the ages 
of 9–38  years. The study then tested how GWAS-discovered genetic risks were 
related to the development, persistence, and biological characteristics of asthma in 
this cohort. Of the 880 cohort members included in the analysis, those at higher 
genetic risk developed asthma earlier in life than did those with lower genetic risk. 
Of the cohort members with childhood-onset asthma, those with higher genetic risk 
were more likely to develop life-course-persistent asthma than were those with a 
lower genetic risk. Participants with asthma at higher genetic risk more often had 
atopy, airway hyperresponsiveness, and incompletely reversible airflow obstruction 
than did those with a lower genetic risk. Those with higher genetic risk were also 
more likely to miss school or work and be admitted to hospital because of asthma. 
Genotypic information about asthma risk was independent of and additive to infor-
mation derived from cohort members’ family histories of asthma. These findings 
indicate that genetics plays a greater role in childhood-onset asthma. Genetic risk 
assessments might be able to predict which childhood-onset asthma cases remit and 
which become life-course-persistent, who might develop impaired lung function, 
and what the burden of asthma is in terms of missed school and work and hospital 
admissions, although these predictions are currently not sufficiently sensitive or 
specific to support point-of-care decision-making. Although the modest effect sizes 
of the common variants, both individually and in combination, and the small frac-
tion of heritability that is explained by these variants preclude practical prediction, 
it is important to note that the primary goal of GWAS is not only prediction of indi-
vidual risk but also discovery of biological pathways underlying polygenic diseases 
and traits [25].

3.3  �The Role of Allergy in the Pathogenesis of Asthma

GWASs provide the potential for important insights into disease mechanisms 
through the identification of previously unrecognized biological pathways associ-
ated with disease pathogenesis. Many asthma genes, including those previously 
identified by positional cloning, are expressed within the respiratory epithelium; 
this finding highlights the importance of epithelial barriers in causing asthma [14]. 
Based on a previous GWAS of asthma in Spanish individuals, a gene set enrichment 
analysis identified the Wnt signaling pathway genes in asthma susceptibility, pro-
viding support for the central role of epithelia in asthma development [26]. In con-
trast, our study found an association between serum total IgE and the HLA-C gene 
within the class I region of the major histocompatibility complex (MHC) on chro-
mosome 6 [27]; the gene was not associated with asthma. In fact, the genes control-
ling IgE levels have surprisingly little overlap with the genes mediating asthma 
susceptibility, suggesting that atopy is secondary to asthma, not a primary driver of 
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the disease [14]. This contention is supported by the absence of a relationship 
between atopic sensitization and asthma in many populations [28]. Genetic studies 
of children with atopic dermatitis have shown that defects in barrier proteins such as 
FLG [29] and SPINK5 [30] commonly predispose individuals to the disease, indi-
cating that increases in IgE levels may be secondary to barrier failure. The integrity 
of the airway epithelium in patients with asthma is often disrupted, with loss of 
epithelial cell-cell contacts [31]. Because structural epithelial barrier function is 
highly involved in the ability of the epithelium to regulate the immune system and 
many of the recently identified susceptibility genes for asthma are expressed in 
airway epithelium, changes at the airway epithelial barrier may also play a central 
role in sensitization to allergens and in the pathogenesis of allergic asthma.

3.4  �Heterogeneity of Asthma

Genetic variants are often assumed to contribute equally to disease susceptibility. 
However, it is increasingly clear that asthma is not a single disease but a disorder 
with vast heterogeneity in pathogenesis, severity, and treatment response. A specific 
disease definition may be used that identifies a subgroup of asthma patients in whom 
specific-risk alleles might have stronger effects. There is evidence from existing 
data to support this concept. For example, the 17q locus ORMDL3/GSDML appears 
to have a pronounced effect on risk of childhood-onset asthma but very little effect 
on adult-onset asthma [13]. Another example of this approach was recently pub-
lished by Bonnelyke et al., who studied Danish children with asthma and frequent 
exacerbations, for which they were hospitalized. With these childhood asthma cases 
involving severe exacerbations, the known asthma genes (i.e., ORMDL3, IL33, and 
IL1RL1) were identified, and they appeared to have larger effect sizes than in previ-
ous GWASs; additionally, a previously unrecognized asthma gene (CDHR3, 
cadherin-related protein 3) was identified [32].

The heterogeneity of asthma phenotypes may also be identified as clusters of 
measurements from different dimensions of the disease (e.g., the clinical features, 
physiology, immunology, pathology, hereditary components, environmental influ-
ences, and response to treatment). A large-scale cluster analysis was performed with 
726 patients with asthma in the Severe Asthma Research Program (SARP) [33]. 
This study used 628 variables compressed into 34 weighted variables and identified 
5 separate clusters. The strongest predictors were FEV1% and age at onset. Another 
cluster analysis with a different cohort revealed similar findings [34]. Asthma can 
develop at any stage of life, and asthma phenotypes show age-related variations 
[35]; together, these findings suggest that adult-onset asthma may comprise some 
distinct subset of asthma phenotypes. The development of asthma in older adults is 
also influenced by smoking; compared with younger adults with asthma (18–
34 years), older adults with asthma are more likely to report a history of smoking 
(54% vs. 34%) [36]. Using cluster analysis, we examined the existence of distinct 
phenotypes of late-onset asthma in Japanese patients with adult asthma [37]. 
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We then associated genotypes at the CCL5 and ADRB2 genes with the clusters of 
asthma identified. In the airways of asthma, CCL5 has detrimental effects through 
the recruitment of immune cells that enhance inflammatory processes. We previ-
ously reported that the -28G gain-of-function allele in the CCL5 promoter region is 
associated with late-onset asthma that develops at the age of 40 years or later [38]. 
We also studied a functionally relevant SNP on the ADRB2 gene, Arg16Gly, because 
it is among the most extensively studied in relation to asthma [39]. Although this 
coding variant is not an important determinant of asthma per se, some data suggest 
that the Arg16 allele might influence the phenotype of asthma. In the Hutterites, the 
homozygosity of the Arg16 allele is associated with lower lung function in adults, 
suggesting that this allele may influence either lung growth or the rate of decline in 
lung function with age [40]. In the British 1958 cohort, again, the Arg16 allele had 
some influence on prognosis of wheezing in childhood, with persistent asthma or 
wheezing, or both, being common at 42 years of age in individuals carrying this 
variant [41]. The genetic effect of the Arg16 allele on lung function is also influ-
enced by smoking; the Arg16 allele was associated with lower lung function in 
children, especially when there was a significant exposure to tobacco smoke [42]. 
Using 8 variables (age, sex, age at onset of the disease, smoking status, total serum 
IgE, %FEV1, FEV1/FVC) and specific IgE responsiveness to common inhaled aller-
gens, we conducted a two-step cluster analysis involving 880 Japanese patients with 
adult asthma and identified 6 phenotypes, as follows [37]: cluster A (n = 155), older 
age at onset, no airflow obstruction; cluster B (n = 170), childhood onset, normal-
to-mild airflow obstruction; cluster C (n = 119), childhood onset, longest disease 
duration, moderate-to-severe airflow obstruction; cluster D (n = 108), older age at 
onset, severe airflow obstruction; cluster E (n = 130), middle age at onset, no airflow 
obstruction; and cluster F (n = 198), older age at onset, mild-to-moderate airflow 
obstruction. The CCL5-28C>G genotype was significantly associated with three of 
the clusters A, B, and D (OR 1.65, p = 0.0021; 1.67, 0.018; and 1.74, 0.011, respec-
tively). The ADRB2 Arg16Gly genotype was also associated with two of the clus-
ters, B and D (OR 0.47, p = 0.0004; and 0.63 and 0.034, respectively). Our study 
identified meaningful adult asthma phenotypes linked to the functional CCL5 and 
ADRB2 genotypes.

3.5  �Genes Responsible for Specific Endotypes

Clusters of phenotypes are likely to encompass specific endotypes—subgroups of 
these diseases, each with distinct molecular mechanisms. Therefore, in genetic 
studies, limiting the analysis to individuals with a specific phenotype of asthma may 
help define disease subtypes or endotypes, presenting great opportunities for better 
understanding of asthma pathogenesis and heterogeneity and, ultimately, for 
improving prevention and treatment of the disease. In fact, GWAS have yielded 
exciting results and revealed unexpected genes with variants that contribute to some 
distinct endotypes underlying the asthma syndrome, as described below.
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3.5.1  �Genes Responsible for Type-2 Allergic Inflammation

In Japan, a GWAS and a replication study that together comprised 7171 individuals 
with adult asthma and 27,912 controls have identified 5 loci associated with suscep-
tibility to adult asthma [43]. These loci included the major histocompatibility com-
plex and thymic stromal lymphopoietin (TSLP). TSLP is an epithelium-derived 
cytokine and has been identified as a master switch for type-2 allergic inflammation 
[44]. A human anti-TSLP monoclonal immunoglobulin G2-lambda that binds 
human TSLP and prevents receptor interaction, AMG 157 (ClinicalTrials.gov num-
ber, NCT01405963), has been shown to reduce allergen-induced bronchoconstric-
tion and measures of airway inflammation [45].

Another GWAS was performed for pediatric asthma in Asian populations. By 
examining 6428 Asians, HLA-DPA1*0201/DPB1*0901 were found to be associ-
ated with pediatric asthma. Interestingly, the SNP rs987870 associated with pediat-
ric asthma in this region confers protection against Th-1-type immune diseases, 
such as type 1 diabetes and rheumatoid arthritis, suggesting that this HLA class II 
region could determine Th1/Th2 dominance and could partially explain the inverse 
relationship between asthma and Th-1-type immune diseases [46].

A meta-analysis of three independent GWASs of Latinos and African Americans 
with asthma showed that multiple intronic variants in TYRO3 were associated with 
asthma [47]. TYRO3 is a member of the TAM (TYRO3, AXL, and MERTK) recep-
tor tyrosine kinase (RTK) subgroup, and genetic ablation of a receptor tyrosine 
kinase encoded by Tyro3 in mice or the functional neutralization of its orthologue 
in human dendritic cells also resulted in enhanced type-2 immunity. These findings, 
together, indicated a critical role of TYRO3  in negatively regulating type-2 
responses.

3.5.2  �Genes Responsible for Increased Susceptibility  
to Viral Infection

Respiratory viral infection is a common feature of some major human airway dis-
eases, including asthma. Exposure to respiratory viruses in early life is very com-
mon, and such exposure constitutes an independent risk factor for lung function 
abnormalities in adulthood, especially when the consequence of the childhood 
infection is severe acute lower respiratory tract infection (LRTI). Approximately 
80–85% of asthma exacerbations in children, adolescents, and less frequently adults 
are associated with upper respiratory tract viral infections, and human rhinovirus 
(HRV) accounts for 60–70% of these virus-associated exacerbations. HRV-induced 
wheezing illnesses in early life are a significant risk factor for subsequent develop-
ment of asthma, and growing evidence supports a role of recurrent HRV infections 
in the development and progression of several aspects of airway remodeling in 
asthma. The first GWAS for asthma identified a novel asthma-associated locus on 
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chromosome 17q12-q21 that encompassed two genes, ORMDL3 and GSDMB [11]. 
Variations at this locus are associated with an approximately twofold increased risk 
of recurrent wheezing, asthma, asthma exacerbations, and bronchial hyperrespon-
siveness from early infancy to school age but not with increased risk of eczema, 
rhinitis, or allergic sensitization [48]. Furthermore, the 17q21 locus is associated 
with asthma in children who have had RV wheezing illnesses and with expression 
of two genes at this locus, suggesting a role of 17q21 variants in the development of 
RV wheezing illnesses during early childhood as an underlying mechanism confer-
ring susceptibility to early-onset asthma [49]. ORMDL3 is an endoplasmic reticu-
lum (ER)-resident protein that appears to influence a stress response pathway known 
as the “unfolded protein response” (UPR) [50]. There is a striking association 
between elevated ORMDL3 expression and increased type I IFN production in 
response to RV, suggesting that higher ORMDL3 (the 17q21 risk genotype) response 
to RV with augmented ER stress could promote increased IFN responses or other 
pro-inflammatory consequences that predispose to the development of asthma [51].

Another GWAS of a specific asthma phenotype characterized by recurrent, 
severe exacerbations occurring between 2 and 6 years of age provided strong evi-
dence for a newly recognized susceptibility gene, CDHR3, which encodes cadherin-
related family member 3 and is highly expressed in the airway epithelium [32]. 
Compared with wild-type CDHR3, the CDHR3 (Cys529→Tyr, rs6967330) variant, 
which was linked to wheezing illnesses and hospitalizations for childhood asthma 
based on genetic analysis, exhibited approximately tenfold increase in RV-C bind-
ing and RV progeny yields when transfected into cells in vitro; these findings indi-
cate that the CDHR3 variant that is associated with asthma susceptibility facilitates 
RV-C entry into host cells and that the variant could be a risk factor for RV-C wheez-
ing illnesses [52].

In our sub-analysis of a large Japanese GWAS [43], to identify additional asthma-
associated loci, only 240 asthma patients and 734 healthy controls, all recruited 
from a single geographical region, were included; additionally, only nonsmoking 
asthmatic patients or those with a limited smoking history of <10 pack years were 
included [53]. These inclusion criteria reduced the number of participants who had 
asthma-like symptoms due to environmental factors such as smoking and thereby 
increased our ability to identify asthma-specific genetic effects. Using this approach, 
evidence that hyaluronan synthase 2 (HAS2) is associated with asthma emerged. 
This gene encodes a glucosaminoglycan that is present in the extracellular matrix 
and is strongly expressed in the lungs. Furthermore, an asthma-associated SNP was 
shown to affect regulation of HAS2 mRNA expression. Hyaluronan plays an essen-
tial role in many physiological and pathological processes, including cell migration, 
morphogenesis, tissue regeneration, wound repair, and tumor cell growth and inva-
sion. The airway inflammation associated with asthma involves the accumulation of 
a hyaluronan-rich matrix following viral infection; the degraded hyaluronan matrix 
is removed by the leukocytes/macrophages that enter the tissue. Notably, the 
degraded hyaluronan matrix acts as a “danger signal” responsible for initiating host 
responses to the inflammatory process and likely participates in determining the 
extent of the response to viral infections [54].
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3.5.3  �Genes Responsible for Bacterial Colonization in Airways

The lower airways are all colonized with airway microbiota, and the airway micro-
biomes in patients with asthma differ from those in healthy control subjects [55]. 
Although it is unknown whether the differences are the cause or consequence of the 
disease or treatments to the disease [56], it is likely that disease-related bacterial 
colonization impacts negatively on the clinical course by increasing the symptoms 
(chronic cough and expectoration), accelerating the rate of FEV1 decline, promoting 
the occurrence of exacerbations, or some combination thereof [57, 58]. One-month-
old neonates with bacterial colonization in the hypopharyngeal region (Streptococcus 
pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, or a combination) 
have an increased risk for recurrent wheezing and asthma early in life, and this 
increased risk is independent of atopy [59]. These findings indicate that bacterial 
colonization has a role in some disease phenotypes, especially those phenotypes 
with neutrophilic inflammation. Importantly, these patients are consistently found 
to be largely refractory to ICS treatment and thus have fewer treatment options than 
other groups [60].

Previously, we reported that the genes encoding CCL5, tissue factor (TF), Clara 
cell secretory protein (CC16), or catalase (CAT) are associated with adult/late-onset 
asthma in a Japanese population [38, 61–63]. Assuming that differentiating asthma 
on the basis of age at disease onset increases the power of genetic studies and will 
enhance our understanding of asthma pathogenesis, we performed a GWAS focus-
ing on late-onset asthma (age of onset ≥40 years) in a two-stage genetic association 
study of 4933 Japanese adults [64]. A meta-analysis combining data from three 
studies, two discovery and one replication, showed increased frequencies of the C 
alleles at both rs2523870 and rs2517548  in the late-onset asthma group (meta-
p = 3.77 × 10−7 and 3.98 × 10−7, respectively). These SNPs are close to each other; 
both are located between HLA complex group 22 (HCG22) and mucin 22 (MUC22) 
and are in tight linkage disequilibrium. SNP-gene associations for these two SNPs 
obtained by expression quantitative trait loci (eQTL) analysis indicated that HCG22 
mRNA expression in lymphoblastoid cell lines is strongly correlated with the num-
ber of C alleles, the asthma susceptibility alleles at either rs2523870 or rs2517548 
(p = 8.54 × 10−87 or 3.23 × 10−84, respectively). When we plotted the OR for associa-
tion between rs2523870 and age-of-onset-specific subsets of asthma, the OR gradu-
ally increased as the age-of-onset cutoff increased up to the 50  years or older 
category (Fig.  3.1); this finding clearly indicates that the genetic contribution of 
rs2523870 increases as the age at onset of asthma increases.

Interestingly, HCG22 was originally identified as a candidate gene for diffuse 
panbronchiolitis (DPB) in the MHC class I region of chromosome 6p21.3 [65]. 
DPB is an idiopathic inflammatory disease characterized by chronic neutrophilic 
bronchiolitis and rhinosinusitis that causes mucus hyper-secretion and airflow 
obstruction. The average age of onset of DPB is 40 years, and two-thirds of those 
affected are non-smokers. HCG22 has characteristics similar to those of mucin, 
with tandem repeats consisting of serine and threonine-rich peptides. HCG22, a 
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novel mucin-like gene, forms a mucin-like gene cluster together with MUC22, 
MUC21, and DPCR1. Expression of HCG22 is increased in lung tissues. When we 
investigated the genetic impact of rs2523870 on the development of DPB (n = 108) 
or COPD (n = 307) using 4044 healthy adults as controls, the C allele at rs2523870 
(the risk allele for late-onset asthma) was also associated with DPB (p = 3.06 × 10−4; 
OR = 1.65) and with COPD (p = 6.14 × 10−3; OR = 1.28). The genetic associations 
found in patients with DPB or COPD and those with late-onset asthma along with 
the finding that both rs2523870 and rs2517548 are highly correlated with increased 
expression of HCG22 strongly indicate that these SNPs confer increased risk of 
late-onset asthma and suggest that a common pathogenetic mechanism or a specific 
endotype underlies late-onset asthma, DPB, and COPD.

The HCG22 protein product is most closely related to peritrophin-A, which has 
a chitin-binding domain. Interestingly, another GWAS found that the chitinase 
3-like 1 (CHI3L1) gene encoding YKL-40, another chitin-binding protein, was 
associated with asthma, bronchial hyperresponsiveness (BHR), and reduced lung 
function [66]. The CHI3L1 variant was most strongly associated with elevated 
serum YKL-40 levels (p  =  1.1  ×  10−13) [64]. Subsequently, an intronic SNP in 
CHI3L1 was shown to be associated with both circulating YKL-40 levels and 
asthma severity [67]. Neutrophils may be an important source of the increased lev-
els of chitinases and chitinase-like proteins [68]. In fact, sputum YKL-40 levels 
strongly correlated with neutrophilic asthma [69].

Accumulation and activation of airway neutrophils are important in chronic air-
way diseases such as asthma, COPD, and DPB, and the activated neutrophils 
recruited to the airways play several key roles in mucus hyper-secretion. The genetic 
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effects of HCG22 and CHI3L1 may, therefore, underlie some of the distinct asthma 
phenotypes characterized by impaired mucosal immunity and increased susceptibil-
ity to bacterial infection. With regard to the endotype characterized by bacterial 
colonization, recent insights into the airway microbiome suggest potential effects of 
aberrant airway microbiomes in patients with asthma on the pathobiology of the 
disease. Children living on farms are exposed to a wider range of microbes than are 
children not living on farms, and this exposure explains a substantial fraction of the 
inverse relation between asthma and growing up on a farm [70]. These findings 
indicate that the diversity of an environmental microbiome can influence lung health 
and disease. Detection of bacterial colonization may allow early intervention by 
exposing susceptible individuals to a wide range of microbes, which may help ame-
liorate or prevent chronic inflammatory lung diseases in later life. Long-term mac-
rolide therapy is highly effective in the treatment of DPB [71]. In addition, macrolide 
antibiotics have been demonstrated to be efficacious in the treatment of severe neu-
trophilic asthma [72, 73]. Macrolides such as erythromycin, clarithromycin, and 
azithromycin not only have antimicrobial properties but also broad anti-inflammatory 
and immunomodulatory effects [74]. Nevertheless, chronic use of macrolides is 
associated with the occurrence of macrolide-resistant bacteria in the commensal 
flora of the pharynx of individual patients and also induces the risk of an increase in 
antibiotic resistance at the population level [75]. An electronic nose, which is a new 
noninvasive technology capable of distinguishing volatile organic compound (VOC) 
breath-prints in exhaled breath, can identify the presence of airway bacterial coloni-
zation in clinically stable patients with COPD [76]. Further research will determine 
the usefulness of breath-prints for diagnosing an endotype that may be particularly 
responsive to macrolide therapy.

3.5.4  �Genes Responsible for Reduced Pulmonary Function

David Barker proposed an original hypothesis stating that fetal development is an 
important influence on the development of adult disease [77], and this hypothesis is 
relevant to asthma and COPD [78]. Adverse factors affecting lung development dur-
ing fetal life and early childhood reduce the attainment of maximum lung function 
and accelerate declines in lung function during adulthood; therefore, these adverse 
factors predispose individuals to reduced lung function and increased respiratory 
morbidity, particularly asthma and COPD, throughout life [79, 80]. A GWAS per-
formed in Japanese adults with asthma identified the most significant association at 
rs404860  in the major histocompatibility complex (MHC) region, which is near 
another SNP previously associated with lung function [43]. TSLP is a likely asthma-
susceptibility locus, and we found that TSLP variants are associated with lower lung 
function in healthy individuals [81], which is consistent with the contention that 
genetic determinants of lung function influence susceptibility to asthma.

To date, GWASs on pulmonary function (e.g., predicted percentage of forced 
expiratory volume in 1 s [%FEV1] and ratio of forced expiratory volume in 1 s to 
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forced vital capacity [FEV1/FVC]) have identified a number of risk loci in multieth-
nic populations [82–84]. Although our previous GWAS did not identify SNPs asso-
ciated with pulmonary function at the level of genome-wide significance in a 
Japanese population, it does demonstrate that the heritability of pulmonary function 
can be explained by additive effects of multiple common SNPs, providing compel-
ling evidence for a strong genetic influence on FEV1/FVC [85]. Furthermore, our 
findings indicate that lung function genes identified in previous GWASs in non-
Japanese populations account for 4.3–12.0% of the entire estimated heritability of 
FEV1/FVC in a Japanese population. Therefore, we constructed a multi-SNP genetic 
risk score (GRS) for reduced FEV1/FVC using genotype information for 16 genes 
associated with lower FEV1/FVC in a GWAS of Japanese populations as well as in 
previous GWASs of non-Japanese populations [86]. The GRS, which combines the 
modest effects of multiple SNPs into a single variable, is calculated as the weighted 
sum of the number of high-risk alleles. Both reduced growth and accelerated lung 
function decline lead to lower lung function levels in adults, but the GRS calculated 
using the 16 SNPs was not associated with annual lung function decline in the 
healthy participants; therefore, we believe that these 16 SNPs (or gene pathways 
involving these 16 SNPs) may be involved in deregulated lung growth or develop-
ment rather than in the accelerated decline of lung function. The “Development 
regulation of epithelial-to-mesenchymal transition (EMT)” pathway was annotated 
by the Gene Relationships Among Implicated Loci (GRAIL) program based on 
these 16 SNPs. Specifically, the EMT pathway contained three genes: TGFB2, TNF, 
and NOTCH4.

This GRS for lower FEV1/FVC was consistently associated with the onset of 
asthma (p = 9.6 × 10−4) in two independent Japanese populations as well as with the 
onset of COPD (p = 0.042). The Cochran-Armitage trend test shows that the preva-
lence of asthma increases as GRS values increase (p = 0.0059) (Fig. 3.2). In con-
trast, the prevalence of atopic status does not change according to GRS values 
(p = 0.46), indicating that the association between the GRS and the presence of 
asthma is independent of atopic status. Clustering of asthma patients based on GRS 
values indicates that an increased GRS may be responsible for the development of a 
particular phenotype of asthma, a phenotype that is characterized by early onset, 
atopy, and more severe airflow obstruction. In a multinomial logistic regression 
analysis, the strongest association between GRS values and asthma was found in 
this particular cluster (p = 3.6 × 10−5). In fact, a similar cluster that is characterized 
by early-onset, atopic asthma with advanced airflow limitation has also been identi-
fied [87, 88]. Overall, these data highlight the potential application of genomics in 
developing novel strategies to precision medicine that may improve long-term 
respiratory outcomes for children with lower lung function. Such strategies may 
enable earlier identification of at-risk infants and of the specific pathways involved 
in disease pathogenesis in individual cases, which will allow for earlier and more 
specific interventions to achieve greater respiratory health after altered lung devel-
opment in early childhood.

The progression from early life insults to pediatric disease and finally chronic 
obstructive airway disease in adulthood involves complex genetic, epigenetic, and 
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environmental interactions. In terms of the endotype characterized by impaired lung 
function, genetic variants that were identified in adults to be associated with lung 
function were not associated with neonatal lung function, but they were associated 
with the development of lung function measures during early childhood [89]. These 
findings suggest that a window of opportunity exists for interventions that target 
these genetic mechanisms. In fact, long-term improvements in air quality are associ-
ated with statistically and clinically significant positive effects on lung-function 
growth in children [90]. Measurement of lung function in early life, therefore, may 
help us in preventing reduced lung function and in maintaining respiratory health 
among children.

3.6  �Conclusion

Asthma is a complex respiratory disorder, and susceptibility to the disease involves 
interplay between genetic and environmental factors. Unbiased genetic approaches, 
especially GWASs, have identified genetic factors important to the pathogenesis of 
asthma, but so far these factors account for only a small proportion of the heritabil-
ity of asthma. There remains a need to determine the contribution of these 
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polymorphisms to clinically relevant endpoints in asthma. A recent study of global 
gene expression in asthma revealed that expression of epithelial growth and repair 
and neuronal function genes were most strongly associated with severe asthma [91]. 
This suggested that epithelial integrity and related processes are of primary impor-
tance especially to the development of severe asthma, which is in line with current 
genetic findings. A concerted effort is, therefore, needed to sub-stratify asthma 
beyond the stratifications based on type-2 pathways and to use appropriate biomark-
ers that can identify patients likely to respond to specific and respective biologics. 
The application of modern technologies to the study of genomic alterations associ-
ated with viral infection, bacterial colonization, or lung growth may facilitate tar-
geted development of new treatment options for patients with specific molecular 
abnormalities. These approaches will provide greater insight into the mechanisms 
altered in individuals carrying the relevant risk alleles, and such applications repre-
sent one component of personalized medicine.
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Chapter 4
COPD: Hereditary (A1-AT) and Non-
hereditary—What Are the Roles 
of Genetic Factors in the Pathogenesis 
of COPD?

Nobuyuki Horita

Abstract  Although smoking is a considerable risk factor for COPD development, 
genetic susceptibility is believed to play a key role in the development of COPD. This 
is because approximately 15% of the smoking population eventually suffer from 
this disease, while the others sustain normal lungs despite their smoking habit. A 
well-known causal gene of COPD is the serine protease inhibitor A1 (SERPINA1) 
gene, which causes hereditary severe α1-antitrypsin (A1-AT) deficiency. After 
SERPINA1 was identified as causal gene for A1-AT deficiency leading to COPD, 
many other genes that alter the risk of non-hereditary COPD were identified. 
Especially, the recent development of the genome-wide association study (GWAS) 
is a powerful tool to identify hypothesis-free genes. Even though recent studies have 
revealed more than 100 genes that affect the risk of non-hereditary COPD, the 
impact of each gene is not very strong, and they usually change the risk of COPD 
with a risk ratio of between 0.7 and 1.5. Thus, identified genes can explain only a 
small part of the etiology of COPD.  In this chapter, we will review the roles of 
genetic factors in the pathogenesis of hereditary and non-hereditary COPD.

Keywords  Chronic obstructive pulmonary disease · Gene · Meta-analysis  
Genome-wide association study

4.1  �Introduction

Chronic obstructive pulmonary disease (COPD) is a systematic inflammatory dis-
ease which is mainly diagnosed by smoking history, pulmonary obstruction, and 
clinical symptoms. The main symptoms include cough, sputum, and shortness of 
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breath on exertion. It is the third leading cause of death in the world, with more than 
three million people dying from COPD a year [1–3]. Although smoking is a consid-
erable risk factor for COPD development, genetic susceptibility is believed to play 
a key role in the development of COPD. This is because approximately 15% of the 
smoking population eventually suffer from this disease, while the others sustain 
normal lungs despite their smoking habit. A well-known causal gene of COPD is 
the serine protease inhibitor A1 (SERPINA1) gene, which causes hereditary severe 
α1-antitrypsin (A1-AT) deficiency [4]. A1-AT is clinically characterized by liver 
disease and early-onset emphysematous change. Although large amount of A1-AT 
is produced in the liver, its main function is to protect the lung from proteolytic 
damage from neutrophils. A serum level of A1-AT below 11 μmol/L increases the 
risk for COPD. For years, SERPINA1 was the only genetic factor whose relation-
ship with COPD was revealed. Given that SERPINA1 gene polymorphism increases 
the COPD, it could have been hypothesized that other genes can be related to CODP 
risk. In this chapter, we will review the genetic aspect of COPD.

4.2  �COPD Is a Multifactorial Genetic Disease

The Mendelian inheritance model provides a simple rule that explains genomic con-
tribution to a disease development. A family tree with three or four generations is 
usually sufficient to identify a Mendelian-inherited disease, though few cases might 
be affected because of new gene mutations. However, most hereditary disease and 
hereditary traits of human do not simply follow this Mendelian model. COPD is 
believed to be a multifactorial disease caused by complex etiologies such as many 
genes, epigenetic factors, and environmental factors. It is far more difficult to reveal 
the causal genes of a multifactorial disease than to reveal those of a Mendelian-
inherited disease. Traditional methods to identify the causal genes of a multifacto-
rial disease are a family tree study, a twin study, an adaptive study, sibling analysis, 
case-control studies, linkage analysis, and association studies. The recent develop-
ment of the genome-wide association study (GWAS) is a powerful tool to identify 
hypothesis-free genes [5]. Even though recent studies have revealed more than 100 
genes that affect the risk of COPD, the impact of each gene is not very strong, and 
they usually change the risk of COPD with a risk ratio of between 0.7 and 1.5. In 
addition, a large number of genes that were reported to be associated with COPD 
development were not reconfirmed in replication studies. Thus, identified genes can 
explain only a small part of the etiology of COPD [6, 7] (Table 4.1).

Gene structure is often complicated. Some genes have components across many 
chromosomes. Certain lines of deoxyribonucleic acid are shared by two or more 
genes. Therefore, one single nucleotide polymorphism (SNP) can alter the structure 
of two or more genes. On the other hand, there can be many SNPs in a gene.
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Table 4.1  List of possible COPD causal genes

A disintegrin and metalloprotease domain 33 (ADAM33)
Adrenergic receptor beta 2 (ADRB2)
Alpha-2-macroglobulin (A2M)
Angiotensin I converting enzyme 1 (ACE1)
Aquaporin 5 (AQP5)
Arachidonate 5-lipoxygenase-activating protein (ALOX5AP)
ATP-binding cassette, subfamily C, member 1 (ABCC1)
B-cell leukemia/lymphoma 2 (BCL2)
Bradykinin receptor B2 (BDKRB2)
Caspase 10, apoptosis-related cysteine peptidase (CASP10)
Catalase (CAT)
Cathepsin S (CTSS)
CD14 molecule (CD14)
CD40 molecule (CD40)
CD63 molecule (CD63)
CD86 molecule (CD86)
Cell division cycle 6 homolog (CDC6)
Chemokine ligand 5 (CCL5)
Chemokine receptor 2 (CCR2)
Chitinase 3-like 1 (CHI3L1)
Chloride channel accessory 1 (CLCA1)
Cholinergic receptor, nicotinic, alpha 3 (CHRNA3)
Cholinergic receptor, nicotinic, alpha 5 (CHRNA5)
Classical class 11 subregion of the MHC (HLA)
Collagen, type IV, alpha 3 (COL4A3)
Colony stimulating factor 2 (CSF2)
Colony stimulating factor 3 (CSF3)
C-reactive protein (CRP)
Cyclin-dependent kinase inhibitor 1A (CDKN1A)
Cystic fibrosis transmembrane conductance regulator (CFTR)
Cytochrome b-245, alpha polypeptide (CYBA)
Cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1)
Cytochrome P450, family 1, subfamily A, polypeptide 2 (CYP1A2)
Cytochrome P450, family 2, subfamily E, polypeptide 1 (CYP2E1)
Cytochrome P450, family 2, subfamily F, polypeptide 1 (CYP2F1)
Cytochrome P450, family 3, subfamily A, polypeptide 5 (CYP3A5)
Cytotoxic T-lymphocyte-associated protein 4 (CTLA4)
Defensin, beta 1 (DEFB1)
Defensin, beta 4A (DEFB4A)
Elastin (ELN)
Endothelin 1 (EDN1)

(continued)
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Table 4.1  (continued)

Endothelin receptor type B (EDNRB)
Epoxide hydrolase 1 (xenobiotic) (EPHX1)
Estrogen receptor 1 (ESR1)
Family with sequence similarity 13, member A (FAM13A)
Fibroblast growth factor 10 (FGF10)
Glutamate-cysteine ligase, catalytic subunit (GCLC)
Glutamate-cysteine ligase, modifier subunit (GCLM)
Glutathione S-transferase M1 (GSTM1)
Glutathione S-transferase omega 1 (GSTO1)
Glutathione S-transferase omega 2 (GSTO2)
Glutathione S-transferase pi 1 (GSTP1)
Glutathione S-transferase theta 1 (GSTT1)
Glutathione S-transferase, C-terminal domain containing (GSTCD)
Hedgehog interacting protein (HHIP)
Heme oxygenase 1 (HMOX1)
Hemopoietic cell kinase (HCK)
Interferon, gamma (IFNG)
Interleukin 1 receptor antagonist (IL1RN)
Interleukin 1, alpha (IL1A)
Interleukin 1, beta (IL1B)
Interleukin 10 (IL10)
Interleukin 12B (IL12B)
Interleukin 13 (IL13)
Interleukin 13 receptor, alpha 1 (IL13RA1)
Interleukin 17F (IL17F)
Interleukin 2 (IL2)
Interleukin 27 (IL27)
Interleukin 4 (IL4)
Interleukin 4 receptor (IL4R)
Interleukin 5 (IL5)
Interleukin 6 (IL6)
Interleukin 8 (IL8)
Interleukin 8 receptor, alpha (IL8RA)
Interleukin 8 receptor, beta (IL8RB (CXCR2))
Iron-responsive element-binding protein 2 (IREB2)
Kelch-like ECH-associated protein 1 (KEAP1)
Latent transforming growth factor beta binding protein 4 (LTBP4)
Leptin (LEP)
Leptin receptor (LEPR)
Leukotriene A4 hydrolase (LTA4H)
Lymphotoxin alpha (LTA)
Macrophage scavenger receptor 1 (MSR1)
Mannose-binding lectin 2 (MBL2)

N. Horita



61

Table 4.1  (continued)

Matrix metallopeptidase 1 (MMP1)
Matrix metallopeptidase 12 (MMP12)
Matrix metallopeptidase 14 (MMP14)
Matrix metallopeptidase 2 (MMP2)
Matrix metallopeptidase 3 (MMP3)
Matrix metallopeptidase 9 (MMP9)
MHC class I polypeptide-related sequence B (MICB)
MicroRNA 196a-2 (MIR196A2)
MicroRNA 499a (MIR499A)
N-acetyltransferase 2 (NAT2)
NAD(P)H dehydrogenase, quinone 1 (NQO1)
Nitric oxide synthase 3 (NOS3)
Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2)
Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, beta (NFKBIB)
Nuclear receptor subfamily 3, group C, member 1 (NR3C1)
Olfactory receptor, family 4, subfamily X, member 1 (OR4X1)
Peroxisome proliferator-activated receptor gamma (PPARG)
Phosphatase and tensin homolog (PTEN)
Phosphodiesterase 4D (PDE4D)
Plasminogen activator, urokinase receptor (PLAUR)
Potassium large conductance calcium-activated channel, subfamily M, beta member 1 
(KCNMB1)
Prostaglandin D2 receptor (PTGDR)
Prostaglandin-endoperoxide synthase 2 (PTGS2)
Serpin peptidase inhibitor A1 (SERPINA1)
Serpin peptidase inhibitor A3 (SERPINA3)
Serpin peptidase inhibitor E2 (SERPINE2)
Sex determining region Y-box 5 (SOX5)
Signal transducer and activator of transcription 1 (STAT1)
Signal transducer and activator of transcription 3 (STAT3)
Signal transducer and activator of transcription 6 (STAT6)
Sirtuin 2 (SIRT2)
SMAD family member 3 (SMAD3)
Solute carrier family 11 member 1 (SLC11A1)
Solute carrier family 6 member 4 (SLC6A4)
SPARC related modular calcium binding 2 (SMOC2)
Stress-induced-phosphoprotein 1 (STIP1)
Superoxide dismutase 2, mitochondrial (SOD2)
Superoxide dismutase 3, extracellular (SOD3)
Surfactant protein A1 (SFTPA1)
Surfactant protein A2 (SFTPA2)
Surfactant protein B (SFTPB)
Surfactant protein C (SFTPC)

(continued)
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4.3  �Popular Methods for Gene Analysis

4.3.1  �Parametric Linkage Analysis

Parametric linkage analysis is the traditional analysis using the logarithm 10 of odds 
(LOD) score to assess the probability that a given pedigree has a certain trait. This 
method is useful when a valid model that is compliant to the Mendelian model is pro-
vided. The LOD score is given by logarithm 10 of probability of birth sequence with 
a given linkage value/probability of birth sequence with no linkage. A LOD score >3.0 
suggests evidence of linkage, and a score <−2.0 suggests no such linkage [8–10].

4.3.2  �Nonparametric Linkage Analysis

Nonparametric linkage analysis is another type of linkage analysis which is appli-
cable even when the genetic model is unclear. For this analysis, we have to discrimi-
nate “identical by descent” and “identical by state.” Affected sibling pair analysis is 
the most common style of nonparametric linkage analysis. A nonparametric LOD 
score >3.6 is often used as a cutoff [8–10].

Table 4.1  (continued)

Surfactant protein D (SFTPD)
Tensin 1 (TNS1)
Thromboxane A2 receptor (TBXA2R)
Thymic stromal lymphopoietin (TSLP)
TIMP metallopeptidase inhibitor 1 (TIMP1)
TIMP metallopeptidase inhibitor 2 (TIMP2)
Toll-like receptor 4 (TLR4)
Transforming growth factor, beta 1 (TGFB1)
Transforming growth factor, beta receptor III (TGFBR3)
Transient receptor potential cation channel, subfamily V, member 4 (TRPV4)
Tumor necrosis factor member 2 (TNF2)
Tumor necrosis factor α (TNFA)
Tumor protein p53 (TP53)
Vascular endothelial growth factor A (VEGFA)
vitamin D binding protein (VDBP)
Vitamin D receptor (VDR)
X-ray repair complementing defective repair in Chinese hamster cells 1 (XRCC1)
X-ray repair complementing defective repair in Chinese hamster cells 5 (XRCC5)
5-hydroxytryptamine receptor 4 (HTR4)
8-oxoguanine DNA glycosylase (OGG1)
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4.3.3  �Case-Control Association Analysis

Both parametric and nonparametric linkage analyses have successfully identified 
only a few genetic linkages with traits. Instead, association analysis is more power-
ful in revealing the weak impact of polymorphism on disease development.

A case-control association analysis is currently the most common type of gene 
association analysis. In a case-control association analysis, the frequency of alleles 
and genotypes was compared between groups of individuals, usually diseased sub-
jects and healthy controls. The magnitude of how each allele or genotype affects the 
risk of disease is usually expressed with odds ratios. Prior to the analysis, Hardy-
Weinberg’s equilibrium should be confirmed. Otherwise, the analysis provides 
biased results [11] (Table 4.2).

4.3.4  �Genome-Wide Association Study (GWAS)

A GWAS, also known as a whole genome association study, is an examination of a 
genome-wide set of genetic variants in groups of individuals to see whether any 
variant is associated with a specific trait. A classical case-control association analy-
sis test prespecified SNPs or alleles at a gene based on previous knowledge. 
Therefore, the analysis can just reconfirm the hypothesis that a SNP or allele is 
associated with some diseases. However, GWAS can test thousands of SNPs col-
lectively without hypothesis. Thus, a key advantage of GWAS over the classical 
case-control association analysis is the possibility of identifying unrecognized 
genes. To avoid serious multiple comparisons, the cutoff value of the statistical test 
is set at the order of 10−8 instead of 0.05 [5, 12, 13]. The results are typically pre-
sented using Manhattan plot (Fig. 4.1) [37].

Some GWAS were done by an international study group. They repeatedly used 
data from previous large randomized controlled trials and large cohort studies 

Table 4.2  Case-control 
association analysis

Cases with disease Control without disease

MM genotype a b

Mm genotype c d

mm genotype e f

M allele 2a + c 2b + d
m allele c + 2e d + 2f

M major, m minor
a–f numbers of cases
Dominant model: odds ratio = (c + e) × b/(d + f)/a
Recessive model: odds ratio = e × (b + d)/f/(a + c)
Allelic model: odds ratio = (c + 2e) × (2b + d)/(d + 2f)/(2a + c)

4  Genetic Factors of COPD 
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including the National Emphysema Treatment Trial, the Boston Early-Onset COPD 
Study, and the International COPD Genetics Network.

4.4  �Candidate Risk Genes of A1-AT Deficiency

A1-AT is a protease inhibitor belonging to the serpin superfamily. A1-AT deficiency 
is a genetic autosomal codominant/recessive disease characterized by low serum 
levels of A1-AT [14–16]. The condition may lead to liver disease, early-onset pul-
monary emphysema, and rare multi-organ vasculitis, necrotizing panniculitis, and 
fibromyalgia. A1-AT deficiency makes the lungs susceptible to smoking and results 
in emphysematous COPD.  Although this disease is very rare in those of Asian 
descent, it affects about one in 2000–5000 Caucasians [4].

4.4.1  �Serine Protease Inhibitors A1 (SERPINA1)

The SERPINA1 gene is located on the long arm of the 14th chromosome (14q32.1). 
More than one hundred types of variation of A1-AT have been detected in various 
populations. A normal population have homogenous M allele (PI*MM). Caucasians 
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living in the Northwestern European Union are at high risk for carrying one of the 
common mutations of A1-AT, the Z mutation (Glu342Lys on M1A, rs28929474). 
The homogenous Z allele (PI*ZZ) causes severe A1-AT deficiency. This PI*ZZ 
genotype causes the protein to fold aberrantly and accumulate in the endoplasmic 
reticulum. This mutation reduces concentrations in serum of A1-AT by retaining 
polymerized molecules within hepatocytes. Heterogeneous M and Z alleles (PI*MZ) 
slightly increase the risk of emphysema.

A serum A1-AT level under the protective threshold increases the risk for emphy-
sema. In addition to the Z mutation, some patients with A1-AT deficiency have the 
S mutation. The prevalences of COPD among each genotype are 91% for PI*MM, 
6.1% for PI*MS, 2.7% for PI*MZ, 0.1% for PI*SS, 0.1% for PI*SZ, and 0.02% for 
PI*ZZ. When the serum A1-AT level is below 11 mmol/L, the risk of emphysema is 
elevated. Among patients who have PI*SZ, the A1-AT level was 8–16 mmol/L and 
20–50% of these patients had risk of emphysema [4]. The A1-AT level of cases with 
PI*ZZ genotype was 2.5–7  mmol/L and more than 80% of these patients had 
emphysema [4].

Dalh et al. carried out a population-based cohort study in Copenhagen with a 
21-year follow-up to evaluate the deteriorating effect of intermediate A1-AT defi-
ciency (MZ genotype) on the lung. They recruited 9187 adults randomly selected 
from the Danish general population. Among this cohort, 4.9% of the participants 
carried the MZ genotype. Plasma A1-AT levels were 31% lower in MZ heterozy-
gotes than in persons with the normal (MM) genotype. The annual decline of forced 
expiratory volume in 1 s was 25 and 21 ml in those with MZ heterozygotes and 
those with MM genotype, respectively (P = 0.048). In a logistic regression model 
adjusted for possible confounders such as age, sex, and tobacco consumption, the 
population with the MZ genotype had a higher risk of airway obstruction with an 
odds ratio of 1.3 (95% confidence interval 1.0–1.7) compared to the population 
with the MM genotype. The authors concluded that those with MZ heterozygotes 
had a slightly faster decline in forced expiratory volume in 1 s and that MZ hetero-
zygosity may account for approximately 2% of COPD cases in the population in 
general [17].

4.5  �Candidate Risk Genes of Non-hereditary COPD

In addition to emphysema-type COPD of severe A1-AT deficiency cases, research-
ers suspected that some genetic etiologies control lung susceptibility to tobacco 
smoking of non-hereditary COPD patients. This hypothesis is principally based on 
the fact that only 15% of smokers develop COPD. In this subsection, we will review 
famous identified genes related to gene-by-smoking interaction.

Note that most case-control studies and the GWAS had common limitations as 
regards revealing the link between smoking and COPD.  This is because the 
suspected SNP may just change the smoking habit but not change the lung suscep-
tibility to smoking irritation. In other words, confounding was not denied. 
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Furthermore, identified genes and SNPs may be just surrogates of nearby true causal 
genes. Thus, it is unclear whether identified genes and SNP are directly related to 
the COPD risk [1].

4.5.1  �Serine Protease Inhibitor E2 (SERPINE2)

In 2006, DeMeo et al. identified SERPINE2 gene as a possible candidate suscepti-
bility gene for COPD by integrating the results from mouse lung development and 
human COPD gene-expression microarray studies with human COPD linkage 
results on chromosome 2q to prioritize candidate-gene selection. They observed a 
meaningful association with COPD phenotypes and 18 SNPs at the SERPINE2 
gene. Then, for 5 out of 18 SNPs, the link with COPD was further reconfirmed in 
case-control study [18].

The following year, Zhu et  al. revealed the relationship between SERPINE2 
polymorphisms and COPD-related phenotypes using data of 635 pedigrees with 
1910 individuals. An independent case-control population consisted of 973 COPD 
cases, and 956 healthy subjects were also genotypes. Among 25 SNPs evaluated, a 
family-based study identified 6 SNPs that affect the risk of COPD. Five out of these 
six SNPs were then replicated in a case-control population [19].

Fujimoto et al. genotyped two SNPs located at SEPINE2 using samples obtained 
from 1335 consecutive autopsies of elderly Japanese people. Homozygous minor 
alleles of rs975278 were associated with emphysema with an odds ratio of 1.54 
(P = 0.037) and the association was striking among smokers (odds ratio = 2.02, 
P = 0.002). This suggests the gene-by-smoking interaction [20].

4.5.2  �Tumor Necrosis Factor Alpha (TNF-α)

TNF-α is a potent proinflammatory cytokine that may be involved in the development 
of COPD. A SNP at position -308 of TNF-α gene promoter (TNF-α-308 G/A) is 
known to adjust TNF-α secretion. Therefore, Sakao et al. conducted a case-control 
study with 106 COPD cases, 110 sex/age-matched asymptomatic smoker/ex-smokers, 
and 129 controls. The prevalence of minor alleles was 16.5% in patients with COPD, 
8.2% in asymptomatic smoker/ex-smokers, and 7.8% in the control subjects [21].

Some similar studies were conducted over the next 10 years; however, the results 
were not consistent. A systematic review by Zhan et al. collected data from 24 eli-
gible studies, comprising 2380 COPD cases and 3738 controls. Their analysis 
showed that the TNF-α-308 G/A SNP was significantly associated with an increased 
risk of COPD with a pooled odds ratio of 1.335 using the allelic model. However, a 
subgroup analysis showed that the association between the TNF-α-308 G/A SNP 
and COPD was observed only for the Asian population and not for the Caucasian 
population. Therefore, the authors concluded that the TNF-308 A allele is a more 
significant risk factor for developing COPD only among Asian populations [22].
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4.5.3  �Transforming Growth Factor-Beta1 (TGF-β1)

TGF-β1 is a polypeptide member of the TGF-β cytokine superfamily. This protein 
controls many cellular functions, including cell growth, cell proliferation, cell dif-
ferentiation and apoptosis. Celedón et al. revealed that three SNPs at the TGF-β1 
gene were significantly associated with pre- and post-bronchodilator forced expira-
tory volume in 1  s using data from family-based studies. In addition, they also 
showed that two SNPs in the promoter region of TGF-β1 and a SNP in exon 1 of 
TGF-β1 were significantly associated with COPD among smokers in the COPD 
cases and control subjects [23].

Wu et al. carried out another case-control study consisting of 165 subjects with 
COPD, 140 healthy blood donors, and 76 smokers with normal lung function. In 
this study, the distributions of the genotypes of Leu/Leu, Leu-Pro, and Pro-Pro were 
estimated using the polymerase chain reaction and restriction enzyme fragment 
length polymorphism. The Pro allele was less frequent in COPD patients than in 
blood donors (odds ratio 0.62, P = 0.005) and resistant smokers (odds ratio = 0.59, 
P = 0.01) [24].

4.5.4  �Epoxide Hydratase (EPHX) 1

EPHXs, also known as epoxide hydratases, are a class of critical biotransformation 
enzymes that can convert epoxides from the degradation of aromatic compounds to 
trans-dihydrodiols which can be conjugated and excreted from the human body. 
Epoxide hydrolase functions in both the activation and detoxification of epoxides. A 
SNP, rs2234922 (A416G, H139R) is an A/G single-nucleotide variation on human 
chromosome 1 that influences EPHX1 activity in vitro.

A case-control study with 202 COPD cases and 136 controls by Vibhuti et al. 
revealed that the SNP A416G increases the risk of COPD with an odds ratio of 1.95 
(95% confidence interval 1.16–4.53) [25]. Some similar case-control studies with 
an Asian population were published, most of which did not detect a significant 
impact of the SNP on COPD development. A meta-analysis by Smolonska showed 
that the SNP changes the risk of COPD with an odds ratio of 0.76 (95% confidence 
interval 0.61–0.96). This SNP was related to COPD only in an Asian population but 
not in a Caucasian population [26].

4.5.5  �Glutathione S-transferase Mu 1 (GSTM1)

Glutathione S-transferases, formerly known as ligandins, are a family of eukaryotic 
and prokaryotic metabolic isozymes that catalyze the conjugation of the glutathi-
one. Two forms of glutathione S-transferases, cytosolic and membrane-bound, are 
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encoded by two distinct supergene families. There are eight distinct classes of the 
soluble cytoplasmic mammalian glutathione S-transferases: alpha, kappa, mu, 
omega, pi, sigma, theta, and zeta. The genes encoding the mu class of enzymes are 
in a gene cluster on chromosome 1p13.3. Null mutation of GSTM1 contributes a 
variety of malignancies by enhancing the susceptibility to environmental 
carcinogens.

Cheng et al. conducted a case-control study with 184 patients with COPD and 
212 control subjects. GSTM1-null genotypes were significantly more frequent in 
patients with COPD (61.4%) than in control subjects (42.5%) [27]. According to a 
meta-analysis of 14 published original studies, the GSTM1 null allele increases the 
risk of COPD for both Caucasian (odds ratio 1.32) and Asian populations (odds 
ratio 1.24) [26].

4.5.6  �Cholinergic Receptor Nicotinic Alpha 3/5 (CHRNA3/5)

In the last 10 years, GWAS has detected some genes that researchers could not have 
identified based on linkage analysis and case-control association analyses. An inter-
national group led by Pillai et al. conducted a GWAS using four large databases. 
First, 538,030 SNPs were screened in a Norway case-control population with 1643 
subjects. Second, the top 100 SNPs in the Norway population were replicated in an 
International COPD Genetics Network family population with 1891 subjects. 
Among the 100 SNPs, 8 SNPs were successfully replicated at a cutoff P value of 
0.05; however, 1 gene was excluded in this step because the SNP showed inconsis-
tent results with that from the Norway population. The remaining 7 genes were then 
assessed in the third step using 389 National Emphysema Treatment Trial subjects 
and 472 Normative Aging Study. After this third step, rs8034191 and rs1051730 on 
chromosome 15 showed both a significant P value and a genome-wide significant 
combined P value (P < 1 × 10−7). The fourth step with the dataset of the Boston 
Early-Onset COPD families replicated these two SNPs [28].

CHRNA3/5 protein, also known as neuronal acetylcholine receptor subunit 
alpha-3/5, is ligand-gated ion channels that are believed to contribute to neurotrans-
mission. Polymorphisms in CHRNA3/5 have been revealed to increase the risk of 
lung cancer and increase the risk of smoking initiation. The SNPs at CHRNA3/5 
increase the risk of COPD with an odds ratio approximately in the range of 1.3–1.4. 
Given this, these SNPs are estimated to attribute the 12.2% of general COPD popu-
lation. It is still not clear whether these SNPs change the risk of COPD by altering 
smoking behavior or the susceptibility of the lungs to smoking [28].

Another SNP, rs16969968, on chromosome 15q25.1 was also known to alter the 
risk of developing COPD. A systematic review and meta-analysis by Saccone et al. 
evaluated whether the SNP was related to risk of COPD, lung cancer, and smoking 
behavior. The risk of COPD was estimated using data from four databases. The 
pooled odds ratio of 1.12 (95% confidence interval 1.02–1.23, P = 0.01) indicated 
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that the SNP increased the risk of COPD by approximately 12%. The odds ratio by 
the SNP, rs16969968, for lung cancer was 1.31 (95% confidence interval 1.24–1.38, 
P = 2 × 10−21). After smokers were divided into heavy and light smokers, how the 
SNP changes the smoking habit was estimated. Meta-analysis using data from 34 
studies clearly showed a highly significant association between dichotomous smok-
ing habit and the SNP. The pooled odds ratio to be a heavy smoker was 1.33 (95% 
confidence interval 1.26–1.39, P = 6 × 10−31). These results should be interpreted 
cautiously because there is clear interaction between smoking habit and developing 
COPD. After adjusting for the amount of smoking per day, the authors could not 
find evidence for an association between the SNP and smoking [29].

4.5.7  �Hedgehog Interacting Protein (HHIP)

HHIP is involved in many fundamental processes in embryonic development and 
has been conserved during evolution. Human HHIP is like that of the mouse. The 
HHIP gene is located on chromosome 4.

The GWAS by Pillai et al. also identified two SNPs at the HHIP gene as risk fac-
tors of COPD (rs1828591, rs13118928). Although the two SNPs could not show 
genome-wide combined significance in the study, the SNPs showed consistent attri-
bution to COPD. Previous GWAS using the Framingham Heart study by Wilk et al. 
and a few more recent case-control studies have also revealed the association 
between HHIP and COPD. Thus, it is plausible that the two SNPs are genetic risk 
factors [29].

4.5.8  �Family with Sequence Similarity  
13 Member A (FAM13A)

Cho et al. who were part of the same study group as Pillai performed another GWAS 
using COPD cases and controls from the Norway population, the National 
Emphysema Treatment Trial, the Normative Aging Study, and the Evaluation of 
COPD Longitudinally to Identify Predictive Surrogate Endpoints Study. In this pri-
mary dataset, two SNPs at 4q22.1 FAM13A (rs1903003 and rs7671167) were the 
most highly associated with COPD. Then the authors additionally reevaluated the 
two SNPs using the database of the COPD Gene Study, the Boston Early-Onset 
COPD Study, and the International COPD Genetics Network. The two polymor-
phisms were successfully replicated in all populations. The pooled P value was 
<1 × 10−10 (Table 4.3) [30].

The function of the FAM13A protein is not sufficiently clear. However, the 
GWAS and the replication studies proved that SNPs at FAM13A increase the devel-
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opment of COPD. FAM13A is also related to cystic fibrosis and adenocarcinoma of 
the bronchus.

4.5.9  �Iron-Responsive Element-Binding Protein 2 (IREB2)

The IREB2 protein binds to iron-responsive elements of ferritin and transferrin 
receptor mRNA sequences to control iron metabolism. The function of the IREB2 
protein is regulated by the iron around the protein. Thus, IREB2 protein can pro-
duce an adequate amount of transferrin.

A GWAS by DeMeo et al. consisting of three steps identified seven SNPs on the 
IREB2 gene that control the risk of COPD.  The first step evaluated 389 severe 
COPD cases from the National Emphysema Treatment Trial and 424 smoker con-
trols from the Normative Aging Study. In this screening step, 71 out of 889 autoso-
mal SNPs showed nominal significance with a cutoff value P of 0.05. In the next 
validation stage, the 71 SNPs that passed the screening were reevaluated in a family-
based study of 127 probands with early-onset COPD and 822 of their family mem-
bers from the Boston Early-Onset COPD Study. In this step, three SNPs in the 
IREB2 gene satisfied a conservative threshold for significance of combined 
P = 5.6 × 10−5. Four additional SNPs also demonstrated combined P < 0.02. The 
second validation step genotyped 3117 subjects from the International COPD 
Genetics Network family-based study. The combined P of the seven IREB2 SNPs 
ranged from 1.6 × 10−7 to 6.4 × 10−4. In addition to the GWAS, IREB2 protein and 
its mRNA were increased in respiratory specimen of COPD cases when compared 
to normal controls. Thus, the authors concluded that the IREB2 gene and protein are 
related to COPD susceptibility. The results were further replicated in other case-
control studies [31].

4.5.10  �Vitamin D-Binding Protein (VDBP)

VDBP, also known as the group-specific component (GC) protein, is coded in chro-
mosome 4q. VDBP has three major allele-level polymorphisms, GC-1F, GC-1S, 
and GC-2, based on the combination of two SNPs, rs7041 and rs4588. VDBP is a 
multifunctional protein found in plasma, ascitic fluid, cerebrospinal fluid, and on 
the surface of many cell types. VDBP binds to vitamin D and its plasma metabolites 
and transports them to target tissues [32].

We previously performed a systematic review and meta-analysis to evaluate the 
association between the VDBP variant and the risk of COPD including studies 
whose control satisfied Hardy-Weinberg equilibrium. Based on 472 cases and 1270 
controls from 6 case-control studies, the GC-1F allele and the 1F-1F homo-genotype 
were risk factors of COPD with a pooled odds ratio of 1.44 (95% confidence inter-
val 1.14–1.83, P = 0.002) and 2.64 (95% confidence interval 1.29–5.39, P = 0.008), 
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respectively. This odds ratio of 2.64 suggested a much stronger impact than other 
risk genes of COPD (Fig. 4.2) [33].

Nowadays, the VDBP phenotype is known to also alter the susceptibility to 
osteoporosis, Hashimoto’s thyroiditis, Graves’ disease, diabetes, multiple sclerosis, 
AIDS, sarcoidosis, and rheumatic fever [32].

4.5.11  �Matrix Metalloproteinase (MMP) Family

MMP family members, especially MMP12, were considered to have an impact on 
COPD pathogenesis. The MMP protein plays important roles in tissue remodeling 
associated with various physiological or pathological pathways including morpho-
genesis, cirrhosis, arthritis, angiogenesis, tissue repair, and metastasis. MMP was 
also believed to be associated with COPD development. Therefore, many case-
control studies were carried out. However, these results were highly inconsistent. 
Thus, Zhou et al. reported a systematic review to investigate whether MMP is asso-
ciated with COPD risk. In this systematic review, they evaluated four SNPs (SNP, 
MMP1-16071G/2G, MMP3-11715A/6A, MMP9-1562C/T, MMP12-82 A/G). 
Among 123 potentially relevant reports, they finally included 21 studies including 
4184 cases and 5716 controls. The pooled odds ratios were 0.99 (95% confidence 
interval 0.89–1.10, P  =  0.81) for MMP1-1607 (rs1799750) 1G versus 2G, 0.88 
(95% confidence interval 0.61–1.27, P = 0.50) for MMP3-1171 (rs35068180) 5A 
versus 6A, 0.83 (95% confidence interval 0.62–1.12, P = 0.22) for MMP9-1562 
(rs3918242) C versus T, and 0.98 (95% confidence interval 0.80–1.20) for 
MMP12-82 (rs2276109) A versus G. Briefly, this meta-analysis did not detect an 
association between COPD susceptibility and MMP polymorphisms in the general 
population [34].

Study or Subgroup

1.1.1 Asian

1.1.2 Caucasian

Horne 1990
Laufs 2004
Wood 2011

Ishii 2001 1.912

1.442 0.631474 33.3% 4.23 [1.23, 14.58]
0.87 [0.08, 9.90]
3.68 [0.07, 188.61]
3.10 [1.07, 8.96]

2.64 [1.29, 5.39]

0.05 0.2
minor decreases risk minor increases risk

1 5 20

8.6%
3.3%

45.3%

100.0%

1.241107
2.008031

–0.14
1.304

1.141184 10.2% 6.77 [0.72, 63.35]
2.30 [0.42, 12.47]
1.54 [0.39, 6.14]
2.31 [0.88, 6.07]

17.9%
26.7%
54.7%

0.862252
0.70594

0.833
0.431

Lu ming 2004
Shen 2010
Subtotal (95% CI)

Subtotal (95% CI)

Total (95% CI)

Heterogeneity: Chi2 = 1.22, df = 2 (P = 0.54): I2 = 0%

Heterogeneity: Chi2 = 2.68, df = 5(P = 0.75): I2 = 0%

Heterogeneity: Chi2 = 1.30, df = 2 (P = 0.52): I2 = 0%

Test for overall effect: Z = 1.70 (P = 0.09)

Test for overall effect: Z = 2.09 (P = 0.04)

Test for overall effect: Z = 2.66 (P = 0.08)
Test for subgroub differences: Chi2 = 0.16, df = 1(P = 0.69): I2 = 0%

log[Odds Ratio] SE Weight
Odds Ratio

IV, Fixed, 95% CI
Odds Ratio

IV, Fixed, 95% CI

Fig. 4.2  1F-1F homo-genotype of VDBP was risk factor of COPD. Original data for the current 
review article
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4.6  �Genes Related to Smoking Behavior

In addition to the CHRNA3 gene [28], which we reviewed in the previous section, 
some genes are known to impact smoking behavior [35, 36]. The Tobacco and 
Genetics Consortium partnered with the European Network of Genetic and Genomic 
Epidemiology and Oxford-GlaxoSmithKline consortia to conduct a genome-wide 
meta-analysis to identify multiple loci associated with smoking behavior (Fig. 4.1). 
CHRNA3 SNP (rs1051730) showed the strongest link between smoking quantity 
(P = 2.8 × 10−73) followed by SNPs on 10q25 (rs1329650, P = 5.7 × 10−10; rs1028936, 
P = 1.3 × 10−9) and a SNP on the 9q13 EGLN2 gene (rs3733829, P = 1.0 × 10−8). 
Eight SNPs on brain derived neurotrophic factor had a genome-wide significant 
association with smoking initiation. A SNP (rs3025343) was associated with smok-
ing cessation [37].

4.7  �Future Direction

We reviewed many genes that can alter the risk of A1-AT deficient emphysema, 
non-hereditary COPD, and smoking behavior. However, these genes were just 
proved to be related to COPD and the mechanism by which the polymorphism of 
these genes impacts the development of COPD is still largely unclear. Clarifying 
the mechanism may teach us how to prevent and treat COPD [2, 38–40]. Personalized 
medicine for the high-risk population is also anticipated. Potential drug targets are 
listed and discussed in depth elsewhere [41]. If a genetic test that can judge whether 
subjects had COPD risk genes and smoking-prone genes can be developed in a 
clinical setting, a selective smoking cessation intervention might be possible. 
People generally think that smoking behavior is determined by individual will, edu-
cation, and environment. However, we should recognize that part of smoking 
behavior is congenitally decided. We hope a future genetic study will clarify the 
mechanism of COPD development leading to innovation in COPD treatment and 
prevention [2, 38–40].
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Chapter 5
Smoking Behavior and Cessation (Nicotine 
Addiction): Are Genetic Factors Involved 
in Smoking Behavior?

Tetsuya Kubota and Akihito Yokoyama

Abstract  Tobacco smoking is a major risk factor for a number of health problems, 
including cancer, chronic obstructive pulmonary disease, lung fibrosis, and cardio-
vascular disease. Tobacco smoke contains thousands of harmful, carcinogenics and 
toxic substances. Particularly, nicotine is the causative substance in tobacco smoke 
that leads to dependence. Smoking behavior is addictive, and this addiction is cate-
gorized among the behavioral and neurodevelopmental disorders in the tenth revi-
sion of the International Classification of Diseases. Once absorbed, nicotine directly 
affects the nervous system. However, the sensitivity for developing nicotine addic-
tion varies between individuals. Affinity to nicotinic receptors and related enzy-
matic activity can influence the metabolism of nicotine. Although environmental 
factors are associated with nicotine addiction, meta-analyses of genome-wide asso-
ciation studies have revealed that genetic factors contribute to the risks of develop-
ing such clinical conditions. Regarding genetic factors, single nucleotide 
polymorphisms of nicotinic acetylcholine receptors and cytochrome P450 (CYP) 
family 2 subfamily A polypeptides are associated with nicotine dependence. 
Smoking cessation would help prevent the numerous health problems associated 
with smoking. An effective smoking cessation strategy would be to combine both 
behavioral and pharmacological therapies, including nicotine replacement therapy 
and a partial nicotinic receptor agonist.
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5.1  �Introduction

5.1.1  �Tobacco

Tobacco (made from the leaves of Nicotiana tabacum) was originally used by 
ancient Central Americans as early as 1400 BC [1]. After the arrival of the Europeans 
to Central America, tobacco smoking grew in popularity worldwide. Current sex 
and regional differences in smoking rates around the world are shown in Table 5.1. 
Although tobacco is mostly consumed in the form of manufactured cigarettes, it is 
also smoked in other products, such as hand-rolled cigarettes, cigars, cigarillos, 
pipes, water pipes, and e-cigarettes. The accumulation of scientific evidence point-
ing toward the hazardous effects of tobacco smoking led to a drastic change in 
thinking in the twentieth century. Tobacco is now recognized as a leading contribu-
tor to health disorders. The World Health Organization estimates that the global 
population of smokers totals one billion people and that six million people, includ-
ing 600,000 exposed to secondhand smoke, die from tobacco-related illnesses each 
year [2]. If current trends continue, more than eight million people will die from 
tobacco-related illness each year worldwide by the year 2030. Tobacco smoke is a 
complex mixture of chemicals and includes at least 60 carcinogens [3, 4]. Harmful 
compounds are included in both the gas phase and the solid phase. For example, the 
gas phase contains acetone, acetonitrile, ammonia, carbon monoxide, methane, pro-
pane, pyridine, and propionaldehyde. The solid phase contains aniline, benzopy-
rene, naphthalene, nicotine, phenol, pyrene, and quinolone. The chemical 
compositions of mainstream smoke and sidestream smoke are qualitatively similar, 
although quantitatively different. In this chapter, concerns about tobacco will be 
discussed, including its harmful components, diseases, addiction, cessation, and 
genetic factors.

Table 5.1  Global prevalence of tobacco smoking

Prevalence (% of the population ≥15 years of age)
WHO region Men Women Total

African 24.7 2.3 13.4
Region of the Americas 21.9 12.7 17.1
Eastern Mediterranean 36.8 2.8 20.4
European 37.8 18.7 27.8
South-East Asian 31.7 2.4 17.2
Western Pacific 47.9 3.2 25.9
World 35.8 6.6 21.1

WHO World Health Organization
Cited from WHO report on global tobacco epidemic 2015
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5.2  �Harmful Components of Tobacco

5.2.1  �Nicotine

Nicotine is a natural ingredient and a principal alkaloid in tobacco. An average 
tobacco rod contains 10–14 mg of nicotine, and approximately 1–1.5 mg of nicotine 
is absorbed systemically during smoking [5]. Nicotine is distilled from burning 
tobacco and is carried proximately on inhaled tar droplets. As much as 90% of 
inhaled nicotine is rapidly absorbed when the smoke reaches the small airways and 
alveoli [6]. Blood concentrations of nicotine increase quickly, reaching the brain via 
the systemic arterial circulation within 10–20 s after a single puff of a cigarette [5]. 
Nicotine activates nicotinic acetylcholine receptors (nAChRs) on neurons that cause 
the release of many chemical messengers, such as dopamine, acetylcholine, norepi-
nephrine, epinephrine, and serotonin, resulting in the smoker experiencing a feeling 
of relaxation [7]. Nicotine also activates the sympathetic nervous system, acting via 
splanchnic nerves innervating the adrenal medulla, stimulating the release of 
epinephrine. Acetylcholine released by preganglionic sympathetic fibers of these 
nerves acts on nAChRs, causing the release of epinephrine and norepinephrine into 
the bloodstream [8]. Nicotine exhibits several harmful effects on the cardiovascular 
system, including coronary vasoconstriction, increased hypercoagulability, 
dyslipidemia, and endothelial dysfunction. Nicotine is extensively metabolized to a 
number of metabolites by enzymes in the liver, including cytochrome P450 (CYP). 
Six primary metabolites of nicotine have been identified: nornicotine, nicotine 
glucuronide, nicotine isomethonium ion, 1′(S)-2′(S)-trans-nicotine-N′-oxide, 
2′-hydroxynicotine, and nicotine-Δ1′(5′)-iminium ion [5]. Of these, the nicotine-
Δ1′(5′)-iminium ion is then converted to cotinine by aldehyde oxidase. The most 
important metabolite of nicotine in most mammalian species is cotinine, a lactam 
derivative. In humans, approximately 70–80% of nicotine is converted to cotinine 
[5]. Cotinine is further metabolized into other compounds through oxidation, gluc-
uronidation, and methylation before excretion. Because of the long half-life of coti-
nine, it has been used as a biomarker for daily intake of nicotine.

5.2.2  �Carcinogens

Tobacco contains a high number of carcinogenic compounds both in the gas phase 
and the solid phase [3, 4]. The carcinogenicity of at least 60 substances has been 
scientifically evaluated in laboratory animals by the International Agency for 
Research on Cancer (IARC). For instance, benzo[a]pyrene, furan, N-nitrosamines, 
2-toluidine, 1,3-butadiene, 2-naphthylamine, formaldehyde, benzene, nitrobenzene, 
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vinyl chloride, arsenic, cadmium, chromium (hexavalent), and others are present in 
cigarette smoke. Representative examples of over 60 carcinogens are summarized 
in Table  5.2 [3]. The same carcinogens are also present in secondhand cigarette 
smoke. Tissues like the lung and larynx that are directly exposed to tobacco smoke, 
as well as tissue like the bladder that is directly exposed to tobacco metabolites, 
show significantly elevated levels of DNA adducts in smokers. Cumulative DNA 
damage can lead to mis-replication and cancer [9].

5.2.3  �Reactive Oxygen Species

Oxygen (O2) is essential for living; however, highly concentrated oxygen is hazard-
ous to cells. Although humans have antioxidant mechanisms, aberrations in oxidant 
and antioxidant balance can lead to a variety of diseases. The most physiologically 

Table 5.2  Target sites associated with some carcinogenic chemical compounds and metals present 
in tobacco smoke

Agent

Tumor sites or types for which 
there is sufficient evidence in 
humans

Tumor sites or types for which there 
is limited evidence in humans

Chemicals
1,3-Butadiene Hematolymphatic organs
2-Naphthylamine Urinary bladder
4-Aminobiphenyl Urinary bladder
Benzene Acute nonlymphocytic 

leukemia
Acute lymphocytic leukemia, chronic 
lymphocytic leukemia, multiple 
myeloma, non-Hodgkin lymphoma

Ethylene oxide Breast, lymphoid tumors
Formaldehyde Nasopharynx, leukemia 

(particularly myeloid 
leukemia)

Sinonasal cancer

O-Toluidine Urinary bladder
Vinyl chloride Hepatocellular carcinoma, 

hepatic angiosarcoma
Metals
Arsenic and inorganic 
arsenic compounds

Lung, skin, urinary bladder Kidney, liver prostate

Beryllium and 
beryllium compounds

Lung

Cadmium and cadmium 
compounds

Lung Kidney, prostate

Chromium (VI) 
compounds

Lung Nasal cavity and paranasal sinuses

Lead Stomach
Nickel compounds Lung, nasal cavity, and 

paranasal sinuses

Reference [3]
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significant reactive oxygen species (ROS) are the superoxide anion (O2·−), hydroxyl 
radical (·OH), nitric oxide (NO), and hydrogen peroxide (H2O2). In the gas phase, 
tobacco smoke contains high concentrations of oxidants/free radicals (>1015 mole-
cules per puff) and short-lived oxidants such as the O2·− and NO [10]. NO and O2·− 
immediately react to form the highly reactive peroxynitrite (ONOO−) molecule, 
which is highly injurious to cells. The tar phase of cigarette smoke contains organic 
radicals, such as the long-lived semiquinone radicals, which can react with molecu-
lar oxygen in a redox-dependent manner to form O2·−, ·OH and H2O2. H2O2 is then 
converted to water by catalase. Neutrophils also use myeloperoxidase, which uses 
H2O2 produced by dismutation of O2·− to oxidize chloride ions into hypochlorous 
acid (HCLO), a powerful antibacterial agent. Oxidant stress can lead to peroxidation 
of membrane lipids, depletion of nicotinamide nucleotides, increases in intracellular 
calcium ion concentrations, cytoskeleton disruption, and DNA damage [11].

5.2.4  �Carbon Monoxide

Incomplete combustion of tobacco produces carbon monoxide, a colorless, odor-
less, and tasteless gas that is highly toxic. However, the hazardous effects of carbon 
monoxide are underestimated, as compared to nicotine and carcinogens. It binds 
with hemoglobin (Hb) to produce carboxyhemoglobin (COHb), which takes the 
place of oxyhemoglobin that normally delivers bound oxygen to the tissues through-
out the body. Carbon monoxide binds to hemoglobin at the same sites as oxygen but 
much more tightly. Tobacco smoking increases the blood levels of COHb, thereby 
decreasing the amount of oxygen reaching bodily tissues. The level of COHb is 
approximately 5% per pack smoked per day in smokers and approximately 1% in 
nonsmokers. Exposure to carbon monoxide may severely damage the cardiovascu-
lar system [12].

5.3  �Respiratory Diseases

5.3.1  �Leading Cause of Illness

Tobacco smoking is one of the biggest risks not only for respiratory diseases but 
also for systemic diseases. Tobacco smoking exposes cells in the respiratory system 
to multiple harmful components, which can cause diseases in almost every organ 
and part of the body. The three major causes of smoking-related mortality are 
chronic obstructive pulmonary disease (COPD), lung cancer, and atherosclerotic 
cardiovascular disease [13]. As for pulmonary diseases, smoking is highly associated 
with chronic lung diseases, such as desquamative interstitial pneumonia, respiratory 
bronchitis-associated interstitial lung disease, combined pulmonary fibrosis and 
emphysema, and Langerhans cell histiocytosis. Smoking also exacerbates lung con-
ditions, including asthma, bronchitis, bronchiectasis, and several types of infection, 
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such as the common cold, influenza, tuberculosis, and pneumonia. Moreover, the 
number of cigarettes smoked daily is associated with an increased risk of develop-
ing type 2 diabetes mellitus. Smoking also accelerates the progression of osteopo-
rosis, periodontal disease, gastric ulcers, and postoperative complications.

5.3.2  �COPD

Epidemiological studies indicate that tobacco smoking is overwhelmingly the most 
significant cause of COPD. Especially, smoking-induced oxidative stress plays a 
key role in driving COPD-related inflammation. Inflammatory and structural cells, 
including neutrophils, macrophages, and epithelial cells, produce ROS. Oxidative 
stress occurs when ROS are produced in excess of the antioxidant defense. Oxidative 
stress may result in impaired antiprotease defenses; damage to lipids, proteins, and 
DNA; cellular senescence; autoantibody generation; and corticosteroid resistance 
[14]. Oxidative stress leads to oxidation of arachidonic acid and formation of a new 
series of prostanoid mediators, which can exert significant functional effects, induc-
ing bronchoconstriction and plasma exudation. Oxidative stress also increases the 
inflammatory response and reduces the expression of sirtuin-1, a key repair mole-
cule implicated in aging [14]. The majority of smokers with cough and sputum 
production associated with COPD show an improvement in symptoms after smok-
ing cessation, and their prognosis also improves [15]. Recently, genome-wide asso-
ciation studies (GWAS) identified multiple novel genetic risk factors for COPD. One 
of these risk loci is located on chromosome 15q24/25 in the region that contains 
nAChRs [16]. A previous cohort study demonstrated that genetic variations in 
nAChRs in the 15q24/25 locus, which play an important role in nicotine addiction, 
are also associated with lung function levels and COPD [17]. However, another 
study showed that the variants are related to smoking habits, and not directly to 
COPD [18]. The genetic factors in nicotine dependence are discussed in Sect. 5.

5.3.3  �Lung Cancer

As mentioned above, tobacco smoke contains at least 60 carcinogens [3], and 
tobacco smoking drastically increases the risk of lung cancer. Many other cancer 
types also occur more frequently in smokers than in nonsmokers, including cancers 
of the oral cavity, larynx, pharynx, esophagus, liver, cervix, pancreas, bladder, and 
kidney. Considerable evidence supports that polycyclic aromatic hydrocarbons and 
N-nitrosamines are two of the major causative factors in lung cancer [19]. Although 
specific driver oncogene mutations, such as epidermal growth factor receptor 
(EGFR) gene mutation, and EML4/ALK gene translocation, play important roles in 
carcinogenesis on adenocarcinoma, the classic mechanisms of carcinogens are still 
of importance in lung cancer development. Carcinogens induce activation of DNA 
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adducts, leading to miscoding and mutations in critical growth control genes. 
Previous studies have demonstrated that smoking increases the total mutation bur-
den. A pack of cigarettes a day for a year accumulates approximately 150 mutations 
in lung tissues [20]. Tobacco has also been shown to have an adverse impact on 
chemotherapy for lung cancer. In fact, some lung cancer cells express nAChRs; 
nicotine stimulates the phosphorylation of Akt, STAT3, and EGFR expressed by 
lung cancer cells, which exhibit resistance to anticancer agents [21]. To enhance the 
effectiveness of chemotherapy, lung cancer patients who currently smoke must stop 
smoking when receiving anticancer therapies.

5.4  �Nicotine Addiction

5.4.1  �Withdrawal

One of the biggest health problems associated with tobacco is the strong depen-
dence that users develop. Tobacco dependence is as strong as that for heroin or 
cocaine [22]. Among the many compounds in tobacco, nicotine plays a central role 
in inducing the dependence. When regular smokers abstain from smoking for a 
while, they develop unpleasant symptoms, including anxiety, irritability, depres-
sion, insomnia, restlessness, increasing stressfulness, difficulty in concentration, 
and increased appetite. These symptoms are part of the dependence syndrome, also 
called withdrawal. When nicotine dependence has developed, smoking cessation 
produces an unpleasant withdrawal state, which promotes the continuation of smok-
ing. Withdrawal is a powerful incentive to take up smoking again. A smoker empiri-
cally learns that smoking is the easiest way to escape the withdrawal state, which 
includes both physical dependence and psychological dependence. Smoking cessa-
tion decreases the brain function of the smoker, and brain function is temporarily 
improved by smoking again. Smoking does not resolve a smoker’s stress; it only 
alleviates a smoker’s withdrawal symptoms. In this way, withdrawal strongly 
enhances the psychological dependence. The number of cigarettes smoked per day 
and the severity of the urge to smoke are good indicators for assessing the degree of 
dependence. The Fagerström test is commonly used for assessing nicotine depen-
dence, due to its accuracy, reproducibility, and ease of use.

5.4.2  �Reward System and Addiction Development

Addiction is characterized by the craving for a substance, with goal-directed behav-
ior toward excessive substance intake and a loss of control in limiting intake. 
Nicotine is a very strong addiction-forming substance that acts via dopamine release 
in the reward system of the brain. Dopaminergic neurons in the mesolimbic system, 
which project from A10 cells of the midbrain ventrotegmental area to the nucleus 
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accumbens of the limbic system, are part of the reward system in the brain. When 
this system is activated, the person experiences feelings of satisfaction, euphoria, 
hyperthymia, awakening, and relaxation. Because nicotine has a similar structure to 
acetylcholine chloride, which is an innate neurotransmitter, nicotine directly binds 
to and activates nAChRs in the midbrain. Activation of nAChRs results in the release 
of dopamine, serotonin, glutamate, and gamma aminobutyric acid (GABA). Thus, 
as shown in Fig. 5.1, nicotine activates the reward system in the brain, causing the 
release of dopamine which makes smokers feel good [23]. However, the satisfaction 
and sense of pleasure gained from smoking are fleeting. Repeated tobacco smoking 
decreases the number of dopamine receptors in the limbic system, resulting in 
reduced neural responses. In such a condition, the brain’s reward system becomes 
unstable without nicotine. As a result, smokers feel unpleasant withdrawal symp-
toms including feelings of anxiousness, disconcertedness, and stressed. To avoid 
withdrawal and regain the sense of satisfaction and pleasure, smokers replenish 
their nicotine levels by adjusting the volume of puffs and the depth of inhalation 
when smoking. As described above, smokers develop a strong addiction to nicotine. 
The very short time interval between puffing and nicotine reaching the brain allows 
smokers to titrate the dose of nicotine to achieve a desired pharmacological effect, 
thereby promoting the addiction.

Mesolimbic 
system

α4β2∗ Nicotinic
acetylcholine

receptor

Nucleus
accumbens

Ventral
tegmental area Dopamine

Nicotine

Fig. 5.1  Reward system in the brain. Role of the mesolimbic dopamine system in nicotine activity. 
Nicotine activates α4β2 receptors in the ventral tegmental area, resulting in dopamine release in the 
shell of the nucleus accumbens. From New Engl J Med. Benowitz NL. Nicotine addiction. 362: 
2295–2303. Copyright © (2010) Massachusetts Medical Society. Reprinted with permission from 
Massachusetts Medical Society

T. Kubota and A. Yokoyama



85

5.5  �Genetic Factors

5.5.1  �Genetic Factors Associated with Nicotine Addiction

Many factors are associated with developing nicotine addiction. Previous studies 
demonstrated that gender and race could be correlated with nicotine dependence 
[24, 25]. Genetic factors are also involved in the formation of tobacco addiction. 
Meta-analysis of twin studies showed that both the environment and genes are 
important in smoking-related behaviors, with an estimated mean heritability of 50% 
for smoking initiation and 59% for nicotine dependence [26]. It seems that the heri-
tability of addictions itself is not well defined, but it is possible to inherit the suscep-
tibility to these behaviors. The genetic influence on addiction is not due to a 
contribution of a single gene but the result of the interaction of different genes that 
induce a condition of susceptibility to the disorder together with environmental fac-
tors. It is evident that nicotine exerts its biological function by binding to nAChRs, 
and nicotine is extensively metabolized by the liver to form cotinine. The most 
important enzyme of nicotine metabolism is cytochrome P450 2A6 (CYP2A6). 
Genetic factors associated with nicotine addiction are mainly related to components 
of dopaminergic pathways and metabolism. Such is the case for nAChRs and 
CYP2A6. Representative genetic factors associated with nicotine addiction are 
summarized in Table 5.3.

5.5.2  �Nicotinic Receptor Subunit Polymorphism

Previous studies have demonstrated that nicotinic receptor subunit polymorphism is 
strongly associated with nicotine dependence. The nAChRs are a family of recep-
tors with multiple subunits. The mammalian nervous system is known to express 12 
neuronal subunits, including nine alfa subunits (α2–α10), three beta subunits (β2–β4), 
and five muscular subunits (α1, β1, γ, δ, and ε). These subunits are encoded by 
different genes [27]. For instance, the CHRNA4 gene on chromosome 20 encodes 

Table 5.3  Genetic factors associated with nicotine addiction

Receptors
nAChR
 � CHRNA5–CHRNA3–CHRNB4 cluster SNPs
 � CHRNB3–CHRNA6 cluster SNPs
 � CHRND–CHRNG cluster SNPs
GABAR2 variant
Cell surface protein
neurexin 1 SNPs
Metabolic enzyme
CYP2A6 SNPs, duplication, deletion, conversion
CYP2B6 SNPs, duplication, deletion, conversion
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the α4 subunit, and the CHRNB2 gene on chromosome 1 encodes the β2 subunit. The 
nAChRs have pentagonal structures, and different combinations of subunits result 
in different receptor subtypes that have various pharmacological properties [28] 
(Fig. 5.2). The most commonly expressed nAChR subtypes in the human brain are 
composed of α4β2 subunits, which play a central role in the physiological effects of 
nicotine. Previous studies demonstrated that α4-containing nAChRs are associated 
with nicotine dependence. Labarca et al. reported that knock-in mice harboring an 
α4 nAChR point mutation exhibited an approximately 30-fold increase in nAChR 
sensitivity to acetylcholine and nicotine, suggesting that genetic variability in the α4 
subunit can produce dramatic changes in nicotine sensitivity [29]. Recently, GWAS 
meta-analyses have revealed that nicotine dependence is significantly associated 
with some single-nucleotide polymorphisms (SNPs) in three different clusters of 
genes: 12 SNPs in the CHRNA5–CHRNA3–CHRNB4 gene cluster on chromosome 
15, eight SNPs in the CHRNB3–CHRNA6 gene cluster on chromosome 8, and one 
SNP in the CHRND–CHRNG gene cluster on chromosome 2. The CHRNA5–
CHRNA3–CHRNB4 gene cluster on chromosome 15q25, which encodes the α5, α3, 
and β4 subunits, has showed the most prominent evidence [30]. Among many SNPs 
in nAChRs, functional SNP rs16969968 is the most well-established locus on chro-
mosome 15q25 [30]. The presence of SNP rs16969968 causes a change in the amino 
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Fig. 5.2  Ribbon diagrams of the nicotinic acetylcholine receptor structure, as viewed (a) from the 
synaptic cleft and (b) parallel with the membrane plane. For clarity, only the ligand-binding 
domain is highlighted in (a), and only the front two subunits are highlighted in (b) (α, red; β, green; 
γ, blue; δ, light blue). Also shown are the locations of αTrp149 (gold), the main immunogenic 
region (MIR), and the membrane (horizontal bars; E extracellular, I intracellular). The dotted lines 
on the right denote the three main zones of subunit–subunit contacts. The apex of the C-loop of αδ 
(broken trace in (a)) was not visible in the densities. Reprinted from J Mol Biol 346 Unwin 
N. Refined structure of the nicotinic acetylcholine receptor at 4A resolution. pp. 967–989, 2005, 
with permission from Elsevier
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acid sequence (D398N) in the α5 subunit, leading to a change in the charge of the 
intracellular domain of the subunit, requiring more nicotine to activate the dopami-
nergic pathway.

5.5.3  �Synaptic Transmissions

Neurexin is a small cell surface adhesion molecule that is responsible for stabilizing 
synaptic GABAergic and glutamatergic communication. Neurexin is necessary for 
the normal release of neurotransmitters. The SNPs in neurexin 1 (NRXN1) are 
believed to be involved in nicotine dependence [27]. According to previous studies 
other genes are also implicated in nicotine dependence. Different variants in GABAR2 
(located on chromosome 9q22) are associated with smoking behavior [31]. The dopa-
mine receptor D4 (DRD4) gene and dopamine transporter SLC6A3 gene have vari-
able number tandem repeat polymorphisms, showing changes in the length of the 
receptor. Although it is still controversial, these tandem repeat polymorphisms may 
be associated with nicotine dependence [27]. Nicotine affects the release of serotonin, 
a neurotransmitter in the brain related to anxiety and depression. The serotonin trans-
porter protein (5-HTT) regulates the concentration of serotonin in the synaptic cleft. 
The gene that encodes 5-HTT contains a polymorphism with short and long alleles. 
The short allele is associated with decreased transcriptional efficiency, as compared 
to the long allele, which may be associated with tobacco consumption [27].

5.5.4  �Nicotine Metabolic Factors

Nicotine is extensively metabolized in the liver, and there is considerable individual 
variability in the rate of nicotine metabolism. Approximately 80% of nicotine is 
converted to cotinine in a two-step process. The first step is mediated by the CYP 
system, mainly by CYP2A6. The second step is induced by cytoplasmic aldehyde 
oxidase [5]. To date, more than 60 distinct CYP2A6 alleles have been identified, 
including SNPs, deletions, duplications, and conversions. Phenotypic differences in 
metabolism include slow, intermediate, and fast metabolizers [30]. A GWAS showed 
that SNPs of the CYP2A6 gene are significantly associated with nicotine metabo-
lism [32]. Allele frequencies are significantly different among ethnic groups and 
people with CYP2A6 alleles exhibiting reduced activity are less likely to develop 
nicotine dependence. People who metabolize nicotine quickly are generally heavy 
smokers, who are more dependent on nicotine. Thus, they have a harder time quit-
ting than people who metabolize nicotine slowly. Similarly, the second most active 
enzyme CYP2B6 is involved in nicotine metabolism and has approximately 10% of 
the catalytic efficiency of CYP2A6 [30]. Of note, CYP2B6 is expressed at higher 
levels in the brain than in the liver, suggesting possible association with localized 
metabolism of nicotine in the brain of smokers. Additionally, CYP2D6 and CYP2E1 
may be partly involved in nicotine dependence [30].
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5.6  �Smoking Cessation

5.6.1  �Benefit of Smoking Cessation

Smokers who stop smoking reduce their risks of developing and dying from 
smoking-related diseases, including COPD, lung cancer, cardiovascular diseases, 
and recurrent stroke. The extent of the benefit from smoking cessation partly 
depends on the intensity and duration of prior exposure to tobacco smoke. Male and 
female smokers of all ages who quit smoking can be expected to live longer and are 
less likely to develop smoking-related diseases. Quitting smoking at younger ages 
is associated with a larger decrease in premature mortality than stopping at a later 
age. However, quitting smoking at older ages, even over 80, is still beneficial for 
reducing mortality [33]. How can smokers stop smoking? Habitual tobacco smok-
ing is not just a person’s favorite behavior; it is essentially an addiction, categorized 
as a mental disease, which should be treated. Smokers may develop a strategy such 
as reducing the number of cigarettes smoked to stop smoking but often find it dif-
ficult to quit on their own. Reducing the nicotine in cigarettes may lead to lower 
levels of addiction; however, this strategy does not solve the problem. Smokers may 
compensate for the lower levels of nicotine by smoking more cigarettes or by smok-
ing more intensively. The most effective interventions consist of medication and 
counseling. Medication includes nicotine replacement therapy (NRT), varenicline, 
and bupropion.

5.6.2  �Nicotine Replacement Therapy (NRT)

The United States Food and Drug Administration (FDA) has approved five nicotine 
replacement medications, including a patch, gum, lozenge, inhaler, and nasal spray, 
which can be used in combination. Some NRT medications can be obtained as over-
the-counter drugs. NRT reduces the cravings due to nicotine addiction and increases 
the rate of quitting by 50–70%, regardless of the setting [34]. Overall risks of NRT 
medications, including nicotine poisoning and continued addiction, remain, but 
these medications do not appear to increase the risk of heart attack. Common side 
effects with the patch include skin irritation and dry mouth.

5.6.3  �Varenicline

Varenicline, a partial nAChR agonist, was made available for sale in 2006, in the 
United States and Europe. It binds selectively and competitively to nAChRs and 
works by stimulating nAChRs more weakly than nicotine. Varenicline has less 
effect on dopamine release than nicotine and reduces the ability of nicotine to 
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stimulate the mesolimbic reward system. As a partial agonist, it reduces cravings 
and decreases the satisfaction and sense of pleasure gained by tobacco smoking. 
Varenicline is the most effective medication for smoking cessation, more effica-
cious than bupropion or NRT, and as effective as combined NRT for smoking ces-
sation [35]. Nausea is a common side effect of taking varenicline. Although 
post-marketing reports included suicide thoughts and occasional suicidal behavior, 
the FDA removed the black box warning in 2016. A recent review concluded that 
varenicline does not increase the risk of neuropsychiatric side effects [35]. Since 
varenicline reacts with nAChRs, genetic factors, including SNPs in nAChR genes, 
may be involved in not only nicotine dependence but also smoking cessation.

5.6.4  �Bupropion

Bupropion was originally used as an antidepressant and is now also used as a smok-
ing cessation aid. Although it is one of the most frequently prescribed antidepres-
sants in North America, it is not available in Japan. Bupropion reduces the severity 
of nicotine cravings and withdrawal [36]. The effectiveness of bupropion is compa-
rable to NRT; however, it is less effective than varenicline [36]. Since bupropion is 
metabolized to hydroxybupropion by CYP2B6, genetic factors, including SNPs, 
may be associated with bupropion and smoking cessation. Further studies may clar-
ify the genetic factors associated with smoking cessation when taking bupropion.

5.6.5  �Counseling

Although NRT or medication with either varenicline or bupropion is effective, the 
smoking cessation rate is unsatisfactory [36]. It is important to combine medication, 
guidance, counseling, and behavioral therapy to improve the cessation results.

5.7  �Conclusions

As described above, genetic factors are involved in nicotine addiction. Although 
nicotine addiction is a complex process influenced by multiple factors, including the 
family environment, sociocultural factors, and an individual’s own biology, genetic 
factors are associated with nicotine sensitivity and metabolism. The most effective 
way to promote smoking cessation is to combine both behavioral and pharmaco-
logical therapies. Because smoking cessation is associated with a mortality benefit 
for smokers of all ages, physicians must give patients guidance in smoking cessa-
tion. In the near future, genetic tests will predict patients at high risk for developing 
nicotine addiction.

5  Smoking Behavior and Cessation (Nicotine Addiction)
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Chapter 6
Cystic Fibrosis, Primary Ciliary 
Dyskinesia, and Diffuse Panbronchiolitis: 
Hereditary and Non-hereditary—What 
Are the Roles of Genetic Factors 
in the Pathogenesis of These Diseases?

Masaharu Shinkai

Abstract  Cystic fibrosis (CF), primary ciliary dyskinesia (PCD), and diffuse 
panbronchiolitis (DPB) are rare airway diseases. CF is the most common life-
shortening genetic disorder in Caucasians, caused by mutations in a single gene on 
the long arm of chromosome 7 that encodes the cystic fibrosis transmembrane con-
ductance regulator (CFTR). The predominant CFTR mutation is Phe508del, yet 
more than 2000 variants in this gene have been identified, which can be divided into 
six classes. Class II mutations, including Phe508del, cause retention of a misfolded 
protein in the endoplasmic reticulum and subsequent degradation in the protea-
some. Patients with Class I, II, and III mutations, which are associated with loss of 
CFTR function, typically have a severe phenotype, whereas individuals with Class 
IV, V, and VI mutations, which retain residual CFTR function, have mild lung phe-
notypes and pancreatic sufficiency. PCD is usually inherited in an autosomal reces-
sive manner and is genetically heterogeneous. Of the 30 mutations that are known 
to cause PCD, those affecting the DNAH5, DNAI1, DNAAF1 (LRRC50), LRRC6, 
CCDC39, CCDC40, and DNAH11 genes are found in 15–21%, 2–9%, 4–5%, 3%, 
2–10%, 2–8%, and 6% of patients, respectively. In terms of the relationship between 
phenotype and genotype, mutation of DNAH5, DNAI1, DNAI2, DNAL1, CCDC114, 
TXNDC3 (NME8), or ARMC4 results in loss of the outer dynein arms. In regard to 
DPB, an interaction of environmental and genetic factors is thought to underpin the 
disease. The most probable location for DPB susceptibility genes is thought to lie in 
a 200 kb major histocompatibility complex (MHC) class I region between HLA-A 
and HLA-B. This contains the DPB critical region 1 gene (DPCR1, chromosome 
6p21.33), as well as MUC21, and the panbronchiolitis-related mucin-like genes 
1 and 2 (PBMUCL1 and PBMCL2). The fact that DPCR1, MUC21, PBMUCL1, and 
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PBMUCL2 are all mucin or mucin-like genes is highly relevant for the excessive 
airway mucus secretion that is typical in DPB. In summary, CF and PCD are both 
hereditary disorders of mucociliary clearance that result in chronic upper and lower 
airways disease, while in DPB, it is thought that genetic factors may determine 
disease susceptibility.

Keywords  Cystic fibrosis · Phe508del · Primary ciliary dyskinesia · DNAH5  
Diffuse panbronchiolitis · PBMUCL · Hereditary · Genetic factor

6.1  �Introduction

Cystic fibrosis (CF), primary ciliary dyskinesia (PCD), and diffuse panbronchiolitis 
(DPB) are rare airway diseases. CF is the most common life-shortening genetic 
disorder in Caucasians in the United States. CF affects approximately 30,000 indi-
viduals in the United States and 70,000 individuals worldwide [1]. The functional 
failure of CFTR results in mucus retention and chronic infection. Early in life, 
airway infections are most commonly caused by Staphylococcus aureus and H. 
influenzae. As patients age, P. aeruginosa becomes the predominant infecting 
organism, and about 80% of patients with CF are infected with this organism by 
adulthood [2]. Subsequently, airway inflammation becomes harmful to the lungs. 
The development and delivery of drugs that improve the clearance of mucus from 
the lungs and treat the associated infection, in combination with the correction of 
pancreatic insufficiency and undernutrition by multidisciplinary teams, have 
resulted in remarkable improvements in quality of life and clinical outcomes in 
patients with CF, with median life expectancy now >40 years [3]. Innovative and 
transformational therapies that target the basic defect in CF have recently been 
developed and are effective in improving lung function and reducing pulmonary 
exacerbations [4].

PCD is a genetic disease that causes abnormalities in ciliary function, leading to 
impaired mucociliary clearance. PCD is rare, with an estimated prevalence of one in 
20,000 live births (range, 1/10,000 to 1/40,000) [5]. Congenital abnormality of the 
primary cilia results in situs inversus in 50% of patients [6]. Cases with situs inver-
sus are considered to show “Kartagener’s syndrome” [7]. Decreased function of 
motile cilia causes chronic rhinosinusitis, otitis media with effusion, bronchiectasis, 
and infertility. The clinical features usually start with neonatal respiratory distress, 
with early-onset persistent rhinosinusitis and serous otitis media with hearing 
impairment and persistent daily wet cough [8]. PCD without situs inversus is under-
diagnosed because prolonged chronic cough represents an important symptom that 
is seen in most patients. Diagnosis of PCD requires the presence of characteristic 
clinical phenotypes, in addition to either the identification of mutation in one of the 
genes known to be associated with PCD [9] or specific ciliary ultrastructural defects 
identified by transmission electron microscopy in biopsy samples of the respiratory 
epithelium [10]. Nasal nitric oxide concentration is extremely low in PCD and may 
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also therefore be useful for screening of the disease [11]. Diagnosis in the early 
stages is important to prevent progression of bronchiectasis and deterioration of 
lung function, by providing lifestyle guidance in regard to immunization, cessation 
of smoking, and the need for prompt therapy at the time of respiratory tract infec-
tion. Genetic counseling is necessary after definitive diagnosis since it is inherited 
in an autosomal recessive manner.

DPB has many similarities with CF, in that it is an inflammatory lung disease 
characterized by the chronic inflammation of bronchioles (small airways) in both 
lungs [12]. DPB can also present as one of the characteristic features of the lung in 
PCD [13]. The term diffuse means that lesions appear throughout both lungs, while 
panbronchiolitis refers to the inflammation that is found in the respiratory bronchi-
oles. DPB causes severe coughing, large amounts of sputum, and exertional breath-
lessness, often associated with chronic sinusitis. Histopathologically, thickening of 
the terminal bronchiole walls with infiltration of lymphocytes, plasma cells, and 
foamy macrophages, leading to chronic neutrophilic inflammatory airway disease, 
are the predominant features [14]. The disease was first described by a Japanese 
group of clinicians as a new entity in the 1960s but was not accepted internationally 
because the disease had been reported predominantly in East Asia. Introduced to 
Western countries in the 1980s, cases were then recognized throughout Asia, as well 
as in Europe and the USA [15, 16]. According to a nationwide survey conducted in 
Japan [17], there appears to be no remarkable gender or age predominance for DPB, 
and a history of smoking or exposure to toxic fumes do not seem to be involved. In 
many cases, symptoms of chronic sinusitis first appear in the transition from child 
to adulthood, followed by the development of symptoms in the lower airways. In 
1980, the prevalence of DPB was 11.1 cases per 100,000 people [18], but the num-
ber was reported to have decreased to only 3.4 cases per 100,000 in an unofficial 
survey conducted in 1995 [9]. The reason for this drop is presumed to be the positive 
effect of macrolide therapy given at an early stage [19], resulting in the appearance 
only of chronic sinusitis symptoms.

In patients with these three diseases, the associated infections and intense neutro-
philic inflammatory responses lead to airway destruction, bronchiectasis, and 
obstructive lung disease, ultimately resulting in respiratory failure, which if left 
untreated, is fatal. This chapter is a discussion on the roles of genetic factors in the 
pathogenesis of these three diseases.

6.2  �Genetic Factors in the Pathogenesis of CF

CF is a common autosomal recessive disorder caused by mutations in a single gene 
on the long arm of chromosome 7 that encodes the cystic fibrosis transmembrane 
conductance regulator (CFTR) protein [20–23]. The predominant mutation is 
Phe508del, although more than 2000 gene variants have been identified [24]. CFTR 
is a chloride-conducting transmembrane channel that regulates anion transport and 
mucociliary clearance in the airways (Fig.  6.1a) [25]. Wildtype CFTR is also 
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Normal CFTR 

Channel

Chloride ions

Mutant CFTR 

Channel
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a

Fig. 6.1  (a) Schematic representation of pathology of cystic fibrosis. (b) Effects of CFTR dys-
function. ASL = airway surface liquid. CFTR = cystic fibrosis transmembrane conductance regula-
tor. ENaC = epithelial sodium channel. Adapted from J Stuart Elborn [25]

involved in the regulation of the inflammasome and the epithelial sodium channel 
(ENaC) [26]. The functional failure of CFTR results in hyper-inflammation, protea-
some stress, reduced or absent anion transport, and hyper-reabsorption of Na+, 
which in turn leads to impaired innate immunity, mucus abnormalities, and reduced 
airway surface liquid (ASL) hydration and suboptimal mucociliary clearance. 
Together, these factors subsequently result in mucus retention, chronic infection, 
and local airway inflammation that is harmful to the lungs [25] (Fig. 6.1b). CFTR 
dysfunction mainly affects epithelial cells, although there is also evidence of a role 
for this protein in immune cells. CF affects several body systems; however, morbid-
ity and mortality are mostly related to bronchiectasis, small airway obstruction, and 
progressive respiratory impairment. Important comorbidities caused by epithelial 
cell dysfunction present in the pancreas as malabsorption, in the liver as biliary cir-
rhosis, in the sweat glands as heat shock, and in the vas deferens as infertility. 
Mutations in the CFTR gene have different effects on the either production of the 
CFTR protein, its stability at the cell membrane, or functional defects in regard to 
chloride and bicarbonate transport. Most mutations in CFTR are missense altera-
tions, but frameshift, splicing, and nonsense mutations, as well as in-frame dele-
tions and insertions, have all been reported [27]. About 15% of identified genetic 
variants are not associated with clinical disease.
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As shown in Fig. 6.2, mutations of the CFTR gene can be divided into six classes. 
Class I mutations, including Gly542X, Trp1282X, and Arg553X, result in no pro-
tein production. Class II mutations, including the most prevalent Phe508del varia-
tion, cause retention of a misfolded protein at the endoplasmic reticulum and 
subsequent degradation in the proteasome. Class III mutations, including 
Gly551Asp, Gly178Arg, and Gly551Ser, affect channel regulation, impairing the 
channel opening. Class IV mutants, including Arg117His, Arg347Pro, and 
Arg117Cys, show reduced conduction and a decreased flow of ions. Class V muta-
tions cause substantial reduction in mRNA or protein or both. Class VI mutations, 
including 4326delTC, gln1412X, and 4279insA, cause substantial plasma mem-
brane instability [28]. This classification system is helpful because it relates to the 
molecular and cellular processes in gene translation and protein processing and has 
some useful clinical correlates (Fig. 6.3). Patients with Class I, II, or III mutations 
are associated with no residual CFTR function and generally have a severe pheno-
type, whereas individuals with Class IV, V, or VI mutations have some residual 
CFTR function, with a mild lung phenotype and pancreatic sufficiency [29]. 
However, as with any system of classification, there are several oversimplifications 
with this approach. Phe508del, for example, is predominantly a Class II trafficking 

CFTR

Regulation of ENaCCl–

(pH)
HCO3

–
Normal function Normal interaction

with inflammasome

Hyper-inflammation
proteasome stress

Hyper-reabsorption
of Na+

Reduced or absent
anion transport

Cystic fibrosis

Impaired innate
immunity
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and suboptimal mucociliary

clearance
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Infection, inflammation,
and lung injury
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Fig. 6.1  (continued)
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mutation, with only around 3% of protein being trafficked to the cell membrane; 
however, the channel is not functional and thus has properties of a Class III gating 
mutation, in addition to having the decreased stability of a Class VI mutation [30]. 
Gene-based small-molecule therapies are currently being developed to restore 
CFTR function and thus improve the clinical outcomes of people with CF.

6.3  �Genetic Factors in the Pathogenesis of PCD

As shown in Fig. 6.4 [9], pathogenesis associated with PCD begins with a defect in 
genes related to ciliary motility. PCD is usually inherited in an autosomal recessive 
manner, but the disorder is genetically heterogeneous, and cases of autosomal domi-
nant or X-linked inheritance have also been reported [31]. In their review, Takeuchi 
et al. [9] described how impaired ciliary motility in embryos results in the NODAL 
gene being randomly expressed either to the right or the left of the body in this dis-
ease [32]. NODAL expressed to the right results in situs inversus totalis which is a 
known feature of Kartagener syndrome. When NODAL is expressed to the left, how-
ever, the heart develops in the normal location and PCD instead develops without 
situs inversus totalis. Decreased ciliary movement in motile cilia results in decreased 
mucociliary clearance, manifesting as rhinosinusitis, otitis media, pneumonia, bron-
chiectasis, infertility, and ectopic pregnancy. Mutations known to cause PCD have 

Sweat chloride

Sweat chloride

Lung phenotype

Bacteriology

Pancreatic function

Male fertility

Typical mutations

CFTR function
100 mmol/L

100 mmol/L

Bronchiectasis

None

Infertile Infertile

Arg117His (5T)

Arg334Trp

Ala55Glu

Class IV-VI mutations

Gly542X
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Class I-III mutations

Pseudomonas aeruginosa
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Staphylococcus aureus
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Normal microbiome

Normal pancreatic function
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0% 50% 100%
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Fig. 6.3  Relation between phenotype, genotype, and CFTR function in patients with cystic fibro-
sis, carriers, and healthy individuals. CFTR = cystic fibrosis transmembrane conductance regula-
tor. Adapted from J Stuart Elborn [25]
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been identified in 30 genes, as reviewed by Knowles et al. [33] and Takeuchi et al. 
[9]. These are shown in Table  6.1 [9] with the prevalence of DNAH5, DNAI1, 
DNAAF1 (LRRC50), LRRC6, CCDC39, CCDC40, and DNAH11 mutations among 
patients with PCD being 15–21%, 2–9%, 4–5%, 3%, 2–10%, 2–8%, and 6%, 
respectively. Mutations in 30 of these genes account for the genetic etiology in 
approximately 70% of individuals affected with PCD [9, 34]; however, disease-
causing mutations have yet to be identified for many patients with PCD.

Numerous mutations can arise in each of the genes involved in ciliary movement. 
This fact may help explain the wide variation in the degree of mucociliary dysfunc-
tion and disease severity among patients. In terms of the relationship between phe-
notype and genotype, mutation of DNAH5, DNAI1, DNAI2, DNAL1, CCDC114, 
TXNDC3 (NME8), or ARMC4 results in the loss of the outer dynein arms. Mutations 
in DNAAF1 (LRRC50), DNAAF2 (KTU), DNAAF3 (C19orf51), CCDC103, 
HEATR2, LRRC6, ZMYND10, DYX1C1, C21orf59, SPAG1, or CCDC151, which 
code for proteins associated with the assembly of cilia, result in the loss of both 
outer and inner dynein arms. CCDC39 and CCDC40 mutations result in the loss of 
the inner dynein arms and abnormalities in axoneme structure. RSPH1, RSPH4A, 
and RSPH9 code for radial spork proteins, with mutations resulting in the loss of 
central microtubules. Eighty-five percent of mutations represent loss-of-function 

50%50%

Decreased ciliary
movement

in the embryo

Decreased ciliary
movement

in motile cilia

Decreased 
mucociliary clearanceExpression of

NODAL gene
in the right

Expression of
NODAL gene

in the right

Situs inversus Without
Situs inversus

Chronic sinusitis Infertility

Ectopic
pregnancy

Otitis media
Bronchiectasis

Mutations is genes
related to cilia

Fig. 6.4  Etiology of primary ciliary dyskinesia. All abnormalities start with mutations in genes 
related to cilia or ciliary movement. Decreased movement of primary cilia in the embryo results in 
expression of the NODAL gene on the right in approximately 50% of patients, causing situs inver-
sus. Decreased movement of motile cilia causes decreased mucociliary clearance, which results in 
chronic sinusitis, otitis media, bronchiectasis, infertility, and ectopic pregnancy. Adapted from K 
Takeuchi [9]
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variants, while 15% are conservative missense mutations [33]. In 30% of PCD 
patients, cilial structures are normal under electron microscopy, meaning that 
genetic analysis represents the ultimate method of diagnosis in some patients. 
Takeuchi et al. [9], for example, have reported that they initially screen mutation hot 
spots on DNAI1 and DNAH5 by direct sequencing, but if no variants are detected in 
these loci, they then screen for variants in other genes using whole-exome 
sequencing.

Table 6.1  List of genes causing primary ciliary dyskinesia and the relation to phenotypes

Locus 
name Gene symbol Structure of cilia

Percentage of 
PCD

Laterality 
defects

CILD3 DNAH5 Loss of outer dynein arms 15–21% Possible
CILD1 DNAI1 2–9%
CILD9 DNAI2 2%
CILD16 DNAL1 NA
CILD20 CCDCI14 6% of outer 

dynein loss
CILD06 TXNDC3( NME8) NA
CILD23 ARMC4 NA
CILD13 DNAAF1(LRRC50) Loss of inner and outer 

dynein arms
4–5%

CILD10 DNAAF2(KTU) ~2%
CILD2 DNAAF3 (C19orf51) NA
CILD17 CCDC103 NA
CILD18 HEATR2 NA
CILD19 LRRC6 3%
CILD22 ZMYND10 NA
CILD25 DYX1C1 NA
CILD26 C21orf59 NA
CILD28 SPAG1 NA
CILD30 CCDC151 NA
CILD14 CCDC39 Loss of inner dynein arm 

and abnormalities of 
axoneme structure

2–10%
CILD15 CCDC40 2–8%

CILD24 RSPH1 Loss of central microtubules NA Absent
CILD11 RSPH4A NA
CILD12 RSPH9 NA
CILD5 HYDIN Occasional loss of central 

microtubules
NA

CILD21 DRC1(CCDC164,C2orf39) Loss of nexin link axonemal 
disorganization

NA
CILD27 CCDC65 NA
CILD29 CCNO Decrease of cilia, centriole 

and basal bodies
NA

RPGR Various NA
CILD7 DNAH11 Normal 6% Possible

OFD1 Not determined NA Absent

Adapted from K Takeuchi [9]
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6.4  �Genetic Factors in the Pathogenesis of DPB

Although the cause of DPB remains unknown, the interaction of environmental and 
genetic factors appears to underpin the disease. Since DPB has been reported mainly 
in Japan and East Asia, it was initially suspected that a genetic predisposition unique 
to Asian descendants might determine disease susceptibility. Now, studies have 
shown that specific human leukocyte antigen (HLA) haplotypes are strongly associ-
ated with the development of DPB, such as HLA-B54 for Japanese patients [35] and 
HLA-A11 for Korean patients [36]. With this in mind, the most probable location 
for DPB susceptibility genes is thought to lie in a 200 kb major histocompatibility 
complex (MHC) class I region between HLA-A and HLA-B on chromosome 6, as 
shown in Fig.  6.5a [37]. This contains the DPB critical region 1 gene (DPCR1, 
chromosome 6p21.33) [38], as well as MUC21, and the panbronchiolitis-related 

HLA-A HLA-B
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A11 B54 Asian
ancestral
chromosome

mutation

A11A11

A24

Japanese

B54

B54 A11
recombination

recombination

recombination

Koreans

B55

B62

X

X X

X

X

a

b Chromosome 6p21.3
HLA-A gene

100kb
HLA-B gene

VARS2

GTF2H4 SFTA2
DPCR1 MUC21

C6orf15

CDSN
Mucin-like gene cluster

PBMUCL1 PBMUCL2

Fig. 6.5  (a) A hypothesis that may explain the findings that diffuse panbronchiolitis is associated 
with different HLA types in Japanese and Koreans. A disease susceptibility gene may be located 
between HLA-A locus and the HLA-B locus (see text for details). Adapted from: N Keicho [15]. (b) 
A novel mucin or mucin-like gene cluster in the HLA class I region on the short arm of chromosome 
6 (6p21.3), members of which showed associations with diffuse panbronchiolitis. DPCR1, MUC21, 
PBMUCL1, and PBMUCL2 are all mucin or mucin-like genes. Adapted from N Keicho [15]
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mucin-like genes 1 and 2 (PBMUCL1 and PBMCL2) [39] (Fig. 6.5b). The fact that 
DPCR1, MUC21, PBMUCL1, and PBMUCL2 are all mucin or mucin-like genes 
[38, 40, 41] is highly relevant for the excessive airway mucus secretion that is typi-
cal in DPB. The HLA system contributes to appropriate immune responses through 
T-cell receptors, and thus, genetic predisposition in this disease may also involve 
defective immunity in the airways. Together with the number of familial cases, the 
high rate observed for current or past history of chronic sinusitis, and systematic 
failure of respiratory defense mechanisms, genetic susceptibility in the development 
and progression of DPB is quite possible.

Transmural and peribronchial infiltration by lymphocytes, the presence of plasma 
cells and lipid-engulfed foamy macrophages around the small airways, and large 
numbers of neutrophils and hypersecretion of mucus due to persistent bacterial 
infection in the large airways are the major characteristic aspects of DPB (Fig. 6.6). 
It is assumed that defective immunity caused by genetic predisposition results in 
both the persistent bacterial infection and the associated inflammatory disorders. It 
is generally accepted that key players in the development of DPB are neutrophils 
and T-lymphocytes, especially CD8+ cells, and cytokines such as interleukin 8 (IL-
8) and macrophage inflammatory protein 1 (MIP-1). Cross sections of autopsied 
lung tissue from DPB patients show yellow nodules, mainly in the respiratory bron-
chioles [42]. Interstitial accumulation of foamy macrophages in the walls of the 
respiratory bronchioles and the surrounding interalveolar spaces (Fig.  6.7a) and 
thickened bronchiolar walls infiltrated by inflammatory cells (Fig. 6.7b) are found 

Neutrophil

Goblet Cell

Mucus hypersecretion

Inflammation

Bacterial infection

Large Airway

Small Airway

Alveolus

Foamy
macrophage
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a b

Fig. 6.6  Schematic representation of pathology of diffuse panbronchiolitis. Typical features seen 
include transmural accumulations of foamy macrophages, lymphocytes, and plasma cells in the 
small airways. The adjacent alveolar area tends not to be affected. Bacterial infections, along with 
a large number of neutrophils and mucus hypersecretion, are seen in large airways
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in transbronchial lung biopsies from DPB patients. These histological features 
represent one of the distinctive characteristics of DPB [35], but their clinical signifi-
cance remains uncertain.

6.5  �Conclusion

CF and PCD are both hereditary disorders of mucociliary clearance that result in 
chronic upper and lower airways disease. In DPB, it is thought that genetic factors 
may determine disease susceptibility.
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Chapter 7
Pulmonary Fibrosis: Hereditary and  
Non-hereditary—What Are the Role 
of Genetic Factors in the Pathogenesis 
of Pulmonary Fibrosis?

Takafumi Suda

Abstract  Pulmonary fibrosis is a diverse group of disorders with various etiologies 
and characterized by varying patterns of lung inflammation and fibrosis. To date, 
familial aggregation has been noted even in idiopathic pulmonary fibrosis (IPF), 
suggesting genetic background of pulmonary fibrosis. Over the past decade, remark-
able progress has been made in understanding the genetic causes of pulmonary 
fibrosis. For instance, investigations of familial interstitial pneumonia (FIP) have 
identified rare genetic variants in genes related to surfactant and telomere biology. 
Large genome-wide association and linkage studies have also uncovered common 
genetic variants that confer the risk of pulmonary fibrosis, including genes associ-
ated with mucus secretion, telomerase function, and immunity. Further, functional 
studies of these rare as well as common genetic variants have provided novel 
insights into pathophysiology of pulmonary fibrosis. More importantly, genetic fac-
tors also determine response to treatment and outcome in patients with pulmonary 
fibrosis. Moving forward, next-generation and high-throughput sequencing will 
probably identify additional causative genes and pathways. Ultimately, combined 
analysis of genetic and environmental factors, including epigenetic modifications, 
will further improve our understanding of this disease, possibly leading to the devel-
opment of novel, more effective therapies.
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7.1  �Introduction

Pulmonary fibrosis is a diverse group of disorders with various etiologies and char-
acterized by varying patterns of lung inflammation and fibrosis. For example, idio-
pathic pulmonary fibrosis (IPF), the most common form in the practice, is a chronic, 
progressive, and fatal disease of unknown cause that generally affects adults over 
50 years old [1]. Nevertheless, forms of pulmonary fibrosis share common clinical, 
radiological, and physiological features regardless of etiology and are thought to 
develop from an interplay of genetic, epigenetic, and environmental factors. For 
instance, several defined genetic disorders such as dyskeratosis congenita and 
Hermansky-Pudlak syndrome are associated with inherited pulmonary fibrosis, and 
not a few IPF patients have been shown to have familiar clustering [2–5], suggesting 
a genetic component. Indeed, recent advances in genomic technologies, including 
whole-exosome sequencing, have uncovered a number of such genetic factors, 
greatly advancing our understanding of underlying molecular mechanisms. In a first 
breakthrough, Nogee and colleagues described in 2001 a heterozygous mutation in 
surfactant protein C (SFTPC) in a young mother and her infant with idiopathic 
interstitial pneumonia (IIP) [6]. Other SFTPC mutations were identified shortly 
thereafter [7–12]. Additional genetic mutations that confer risk of pulmonary fibro-
sis have now been discovered, including in SFTA2 (surfactant protein A2) [13], 
ABCA3 (ATP-binding cassette member A3) [14, 15], TERC (telomerase RNA com-
ponent) [16, 17], TERT (telomerase reverse transcriptase) [16, 17], RTEL1 (regula-
tor of telomere elongation helicase 1) [18, 19], and PARN (poly(A)-specific 
ribonuclease) [18]. Interestingly, some of these mutations are present in a small 
population of patients with sporadic pulmonary fibrosis, suggesting a common set 
of pathogenic processes among all forms of pulmonary fibrosis. In addition, large-
scale genome-wide association studies recently identified a number of common 
genetic variants in MUC5B and TOLLIP (Toll-interacting protein) as potentially 
causative [20, 21]. To date, mutations in more than seven genes, as well as variants 
in more than ten loci, are associated with pulmonary fibrosis (Table 7.1). In this 
chapter, current evidence on genetic factors that confer risk of pulmonary fibrosis 
are reviewed, and potential implications of recent genetic discoveries are described.

7.2  �Defined Rare Genetic Diseases

Pulmonary fibrosis often develops in defined genetic disorders such as dyskeratosis 
congenita [16], Hermansky-Pudlak syndrome [22], Niemann-Pick’s disease [23], 
and Gaucher’s disease [24]. Of these, Hermansky-Pudlak syndrome is the most 
well-known and is characterized by oculocutaneous albinism, bleeding tendency 
due to platelet defects, and accumulation of ceroid lipofuscin, an abnormal fat-
protein compound, in lysosomes [25]. The syndrome is autosomal recessive and 
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Table 7.1  Genetic variants linked to pulmonary fibrosis

Gene function Gene Chromosome Variation

Risk of 
pulmonary 
fibrosis Reference

Surfactant SFTPC 8p21 c.460+1G>A Yes (FIP) [6]
+128T>A Yes (FIP) [10]
+1286T>C Yes (Infant 

NSIP)
[9]

Yes (Child 
ILD)

[8]

+6108T>C Yes* (UIP) [11]
c.211A>G
c.435+2T>C

Yes (FIP) [12]

SFTPA2 10q22 c.692G>T
g.593T>C

Yes (FIP) [13]

ABCA3 16p13 C1-28A>G
IVS9+11C>T
C3765C>G

Yes (UIP) [60]

c.875A>T, e.g. Yes (CPFE) [15, 61]
Telomerase TERT 5p15 CTG>CAG

IVS+1G>A
Codon112 delC
IVS9-2A>C

Yes (FIP) [16]

c.3346_3522del
c.2594G>A
c.2240delT
c.1456C>T
c.97C>T
c.430G>A
c.2593C>T

Yes (IPF) [17]

g.12799426G>A, e.g. Yes (IPF) [63]
rs2736100 Yes (IPF) [20, 69]

TERC 3p26 98G>A Yes (FIP) [16]
r.37a>g Yes (IPF) [17]
rs6793295 Yes (IPF) [20]

RTEL1 20q13 c.146C>T, e.g. Yes (FIP) [18, 72]
g.6232456C>T, e.g. Yes (IPF) [63]

PARN 16q13 IVS4-2a>g, e.g. Yes (FIP) [18]
g.14698077G>A, e.g. Yes (IPF) [63]

DKC1 Xq28 +1213A>G, e.g. Yes (FIP) [45, 46]
Mucus 
secretion

MUC5B 11p15 rs35705950 Yes (IPF) [74, 
76–81]

(continued)
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associated with highly penetrant pulmonary fibrosis in young adults. So far, ten 
genetically distinct subtypes have been identified, including type 1 (due to muta-
tions in HPS1), type 2 (AP3B1), type 3 (HPS3), type 4 (HPS4), type 5 (HPS5), type 
6 (HPS6), type 7 (DTNBP1), type 8 (BLOC1S3), type 9 (BLOC1S6), and type 10 
(AP3D1) [26–29]. Most of these gene products assemble into distinct protein com-
plexes called biogenesis of lysosome-related organelle complexes (BLOCs), which 
cooperate to form and/or traffic lysosome-related endosomal compartments [30]. 

Table 7.1  (continued)

Gene function Gene Chromosome Variation

Risk of 
pulmonary 
fibrosis Reference

Innate 
immunity

TLR3 4q35 rs3775291 Disease 
progression 
(IPF)

[92]

ELMOD 4q31 Unknown Yes (FIP) [97]
TOLLIP 11p15 rs11521887 Yes (IPF) [21]

rs5743894 Yes (IPF)
rs5743890 Yes (IPF) 

protective
Inflammation 
and cytokine

IL1RN 2q14 +2018C>T Yes (FA) [100]
rs408392
rs419598

Yes (IPF) [104]

rs2637988 Yes (IPF) [103]
TNFA 6p21. -308G>A Yes (FA) [100]
IL4 5q31 -590C>T

-33C>T
Yes (IPF) [106]

TGFB1 19q13 rs1800470 Disease 
progression 
(IPF)
Yes (IPF)

[107, 108]
[108]

IL8 4q13 rs4073 Yes (IPF) [112]
CR1 1q32 +5507C>G Yes (IPF) [116]
FcγR IIIb 1q23 rs1801274 Yes (IPF) [119]

Extracellular 
matrix

MMP1 11q22 -1607I/D Yes (FIP) [124]
-1562C>T Yes (CPFE) [125]

HLA MHC 6p21 HLA-DRB1*1501 Yes (IPF) [129]
HLA-B*15- 
DRB*0101-
DQB1*0501
HLA-B*52-DRB*1402-
DQB1*0301
HLA-B*35-DRB1*0407-
DQB1*0302

Yes (IPF) [128]

FIP familial interstitial pneumonia, ILD interstitial lung disease, NSIP nonspecific interstitial 
pneumonia, UIP usual interstitial pneumonia, CPFE combined pulmonary fibrosis and emphy-
sema, FA fibrosing alveolitis
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Although the precise mechanisms by which defects in these complexes cause pul-
monary fibrosis are unknown, patients with pulmonary fibrosis due to Hermansky-
Pudlak syndrome have increased production of cytokines and chemokines in 
alveolar macrophages [31], elevated expression of galectin-3 in fibroblasts [32], and 
increased number of circulating fibrocytes that express C-X-C chemokine receptor 
type 4 (CXCR-4) [33]. In addition, pulmonary fibrosis due to Hermansky-Pudlak 
syndrome, especially subtypes 1, 2, and 4, has similar clinical, radiological, and 
histologic features to IPF but manifests at a younger age. While prognosis is vari-
able, most patients follow a progressive course. There are no established specific 
therapies. Indeed, although pirfenidone was initially reported to be effective [34], 
efficacy was not corroborated in a second controlled trial [35]. Figures 7.1 and 7.2 
show a patient with a homozygous IVS5+5 G>A mutation in HPS1.

On the other hand, dyskeratosis congenita is characterized by a classic triad of 
dysplastic nails, reticulated skin hyperpigmentation, and oral leukoplakia [16]. 
Pulmonary fibrosis occurs in up to 20% of patients and is the second leading cause 
of death [36]. Patients also have abnormally short telomeres for their age, and the 
disease has been thought to be a form of telomerase disorders. Recent studies show 
that the most common genetic causes are mutations in DKC1 (20–25%) [37, 38] and 
TINF2 (12–20%) [39, 40]. DKC1 encodes dyskeratin, a component of the telomer-
ase complex, while TINF2 encodes TIN2, a critical subunit of the shelterin complex 
that protects telomeres. Accordingly, mutations in these two genes result in telom-
erase defects and shortened telomeres. Rare genetic variants in TERT and TERC 
also account for a small fraction of dyskeratosis congenita patients [38, 41, 42]. Of 
note, DKC1 mutations are X-linked, while TERT and TERC mutations are autoso-
mal dominant.

a b

Fig. 7.1  A 58-year-old woman with Hermansky-Pudlak syndrome (IVS5+5, homozygous). (a) 
Coronal reformation of a CT scan shows extensive bilateral ground-glass opacities. (b) High-
resolution CT scan shows diffuse ground-glass opacities with superimposed reticular opacities. 
Traction bronchiectasis is also present
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7.3  �Familial Interstitial Pneumonia (FIP)

While IIPs are essentially sporadic, familial forms have also been observed and are 
recognized as FIP [2–5]. Indeed, FIP was initially thought to be a rare subset of IIP 
[2, 3] but has since been demonstrated to account for as much as 20% of IIP cases 
[5, 43]. FIP is typically diagnosed when a proband with IIPs has at least one other 
first-degree relative with IIPs, and/or carries a known genetic variant associated 
with FIP [44]. Importantly, FIP is clinically, radiologically, and histologically indis-
tinguishable from IIPs, except for younger age of onset. As noted, rare genetic vari-
ants in three genes linked to surfactant function (SFTPC, SFTPA2, and ABCA3) 
have been associated with FIP, along with four genes linked to telomere mainte-
nance (TERT, TERC, RTEL1, and PARN). In addition, a novel mutation in DKC1 
was found in two IPF patients without features of dyskeratosis congenita, suggest-
ing that DKC1 may also be associated with FIP [45, 46]. In any case, pathogenic 
variants in TERT and TERC account for most cases of FIP, while an SFTC mutation 
accounts for 1–25% (Table 7.2). Although FIP inheritance is not yet fully defined, 
complex inheritance, e.g., multifactorial and autosomal dominant inheritance with 
reduced penetrance, is likely. Nevertheless, autosomal recessive inheritance has not 

a

b

Fig. 7.2  A 58-year-old 
woman with Hermansky-
Pudlak syndrome (IVS5+5, 
homozygous). (a) Surgical 
lung biopsies show diffuse 
interstitial collagen 
deposits with mild 
mononuclear cell 
infiltration. The lung lesion 
is temporally uniform, 
consistent with nonspecific 
interstitial pneumonia 
(hematoxylin and eosin 
staining, ×25). (b) Foamy 
brown-pigmented 
macrophages are focally 
aggregated in the alveolar 
air space. Foamy type 2 
alveolar epithelial cells are 
also present (hematoxylin 
and eosin staining, ×400)
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been definitively ruled out. Notably, histologic features of interstitial pneumonias, 
including usual interstitial pneumonia (UIP) and nonspecific interstitial pneumonia 
(NSIP), differ among families with the same genetic mutation [47]. In addition, 
symptoms in individuals with the same mutation may range from absent to respira-
tory failure requiring lung transplantation [48]. Taken together, these observations 
suggest that additional environmental or genetic factors contribute to phenotypic 
heterogeneity. For example, smoking is an independent risk factor for pulmonary 
fibrosis among individuals with pathogenic gene variants [47].

7.4  �Genes Linked to Surfactant Biology

Surfactant proteins are secreted by alveolar type II cells to maintain alveolar 
structure and function. Thus, defects in surfactant biology may compromise lung 
homeostasis. Accordingly, genes encoding surfactant proteins have been investi-
gated extensively as potentially causative of pulmonary fibrosis.

7.4.1  �SFTPC

In a mother with desquamative interstitial pneumonia (DIP) and an affected daugh-
ter with NSIP, Nogee and colleagues identified a heterozygous c.460+1 G/A muta-
tion in SP-C that results in skipping of exon 4 and deletion of 37 amino acids from 
the C-terminal domain of the immature prosurfactant protein C (proSP-C) [6]. As a 
result, the mature protein was absent from the lung of these patients. Subsequently, 
Thomas et al. identified, in a large kindred of 11 individuals with IPF and three 
individuals with biopsy-proven NSIP, a heterozygous missense +128T>A mutation 
in exon 5 of SFTPC, which mutates leucine to glutamine at position 188 [10]. Brash 
and colleagues also found in an infant with NSIP a heterozygous missense 
g.1286T>C mutation in the same gene, resulting in a substitution of threonine for 
isoleucine at position 73 [9]. To date, more than 40 pathogenic mutations in SFTPC 
have been discovered in humans [7–12]. Figures 7.3 and 7.4 show a patient with a 
c.365A>G and Y122C SFTC mutation.

Table 7.2  Proportion of familial 
interstitial pneumonia (FIP) 
attributed to mutations in various 
genes

Gene Reported % of FIP Reference

TERT 8–15 [16, 17]
TERC <1 [16, 17]
DKC1 <1 [45, 46]
SFTPC 2–25 [6, 10, 12, 130]
SFTPA2 <1 [13]
ABCA3 <1 [14, 15]
Unknown 75–85
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a b

Fig. 7.3  A 45-year-old man with an SFTC mutation (c.365 A>G, Y122C). (a) Coronal reformation 
of a CT scan shows multiple cystic lesions of variable size. Reticular opacities are predominantly 
present in the upper lung. Focal ground-glass opacities are also seen. (b) High-resolution CT scan 
shows a large cyst surrounded by reticular opacities

a

b

Fig. 7.4  A 45-year-old 
man with an SFTC 
mutation (c.365 A>G, 
Y122C). Surgical lung 
biopsies show patchy 
fibrosis with microscopic 
honeycombing  
(a, hematoxylin and eosin 
staining, ×12.5). Although 
fibroblastic foci are 
occasionally found  
(b, arrows, hematoxylin 
and eosin staining, ×400), 
histologic features are 
consistent with 
unclassifiable interstitial 
pneumonia because of 
centrilobular predominance 
and focal organizing 
pneumonia
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In type II alveolar epithelial cells, immature proSP-C undergoes several proteo-
lytic cleavages to form mature SP-C, which is then secreted to the alveolar space. In 
contrast, mutated SP-C accumulates in the endoplasmic reticulum (ER), induces ER 
stress, and activates the unfolded protein response (UPR) [49–51]. For example, the 
c.460+1G/A mutation impedes trafficking of proSP-C and causes it to misfold, 
aggregate [52, 53], and trigger ER stress. Subsequently, ER stress may induce apop-
tosis and epithelial-mesenchymal transition [54, 55], both of which accelerate the 
development of pulmonary fibrosis. Interestingly, only one SFTPC mutation was 
found in a cohort of 135 individuals with sporadic IIPs, indicating that such muta-
tions are rare in IIPs [11]. Nevertheless, ER stress and unfolded protein response are 
observed in the lung of patients with noninherited sporadic IIPs, suggesting that 
both are common pathways in pulmonary fibrosis, regardless of genetic background 
[51, 56].

7.4.2  �SFTPA2

After SPFTC mutations were discovered, other surfactant proteins (SP-A, -B, and 
-D) were extensively surveyed for similarly pathogenic mutations. In 2009, Wang 
and colleagues reported for the first time missense mutations in SP-A in two fami-
lies with FIP [13]. In particular, linkage analysis of one of these families identified 
a susceptibility locus in chromosome 10q22, which was subsequently found to con-
tain a substitution of valine for a highly conserved glycine at codon 231 in SFTPA2. 
A mutation in codon 198, which substitutes serine for phenylalanine, was also iden-
tified in the other FIP family. Like SFTPC mutations, these mutations are likely to 
impair protein trafficking, cause misfolding and accumulation of immature SP-A, 
and thereby elicit ER stress [13, 57].

7.4.3  �ABCA3

ATP-binding cassette (ABC) transporters are transmembrane proteins that transport 
a wide variety of substrates across biological membranes. ABCA3, a subclass A 
transporter, is abundantly expressed in type II alveolar epithelial cells and maintains 
cellular homeostasis through biosynthesis, assembly, intracellular trafficking, and 
metabolism of resident proteins, organelles, and surfactants. In 2004, ABCA3 muta-
tions were associated for the first time with severe, fatal respiratory distress in early 
infancy in a group of racially and ethnically diverse full-term infants [58]. These 
mutations consisted of homozygous missense, nonsense, and frameshift mutations, 
as well as heterozygous insertion and splice-site mutations, and caused the forma-
tion of abnormal lamellar bodies in type II alveolar epithelial cells [59]. To date, 
more than 150 distinct ABCA3 mutations have been identified, of which those that 
cause lung disease are inherited in autosomal recessive fashion. Mutations in 
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ABCA3 have also been identified in older patients with pulmonary fibrosis, such as 
in a 15-year-old boy with biopsy-proven UIP [60], in young and adult members of 
a large kindred [14], and in patients with combined pulmonary fibrosis and emphy-
sema (CPFE) [15, 61]. Intriguingly, patients heterozygous for both an ABCA3 muta-
tion and the SFTPC I73T mutation develop more severe fibrosis than family 
members with only the I73T mutation, suggesting that ABCA3 may affect the course 
of pulmonary fibrosis with SFTPC mutations [62].

7.5  �Telomere-Associated Genes

Telomeres are repeated DNA segments with sequence 5′-TTAGGG-3′ and that pro-
tect chromosome ends from end-to-end fusions. However, telomeres shorten with 
each cycle of cell division, so that chromosomes become unstable and fuse with age, 
resulting in cell apoptosis. To maintain integrity and impede progressive shortening, 
telomeres are replenished by the telomerase complex, the two major components of 
which are telomerase reverse transcriptase (TERT) and telomerase RNA component 
(TERC). TERC is a noncoding RNA that serves as template for telomere replication 
by TERT, the catalytic subunit. In humans, the telomerase complex is expressed 
exclusively in germ cells, stem cells, and certain cancer cells. Accumulating evi-
dence now imply that abnormal telomere biology, including shortened telomeres 
and mutations in the telomerase complex, may lead to pulmonary fibrosis. For 
example, pulmonary fibrosis in dyskeratosis congenita is, as noted earlier, attribut-
able to mutations in dyskerin, especially DKC1 [16], which is also a component of 
the telomerase complex. Notably, rare variants of telomere-related genes previously 
implicated in FIP were also identified in more than 10% of patients with sporadic 
pulmonary fibrosis [63]. More recently, 12 (11.9%) of 101 patients with interstitial 
lung disease secondary to rheumatoid arthritis were found to carry heterozygous 
mutations in coding regions in TERT, RTEL1, PARN, or SFTPC [64].

7.5.1  �TERT and TERC

Armanios and colleagues reported a pedigree with autosomal dominant dyskeratosis 
congenita and a null TERT allele, in which pulmonary fibrosis was transmitted with-
out the mucocutaneous features typical of dyskeratosis congenita [41]. A subsequent 
screen in 2007 of 73 probands from the Vanderbilt Familial Pulmonary Fibrosis 
Registry revealed that five families carried mutations in TERT and one family carried 
a mutation in TERC [16], all of which were shown to decrease telomerase activity. 
Five of these six families had none of the classic hallmarks of dyskeratosis congen-
ita, although the mutated telomerases led to short telomeres in peripheral blood lym-
phocytes even in asymptomatic subjects. Shortly thereafter, Tsakiri and colleagues 
identified, by linkage analysis of chromosome 5 in two families, seven mutations in 
TERT and one mutation in TERC [17] that also markedly decreased telomerase 
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activity and, even in the heterozygous state, shortened telomeres in peripheral blood 
lymphocytes. Collectively, these observations provide strong evidence that telomer-
ase defects confer susceptibility to adult-onset pulmonary fibrosis.

Remarkably, shortened telomeres are not limited to patients with pulmonary 
fibrosis who have mutated telomerase. For instance, Alder and colleagues found 
that, as in carriers of telomerase mutations, telomeres in peripheral blood leuko-
cytes and alveolar cells are shortened in 84 patients with IPF and 16 patients with 
IIPs other than IPF [65]. Similarly, short telomeres (<10th percentile) in circulating 
leukocytes were found in 37% of cases of sporadic pulmonary fibrosis in the absence 
of telomerase mutations [66]. More importantly, shortened telomeres were shown to 
be independently associated with worse survival in IPF [67, 68]. Taken together, 
these studies suggest that short telomeres are an important predictor not only of 
susceptibility to sporadic pulmonary fibrosis but also its prognosis.

In 2008, 159 Japanese patients with IPF and 934 controls were surveyed for 
single nucleotide polymorphisms (SNPs) to find a susceptibility gene [69]. A sig-
nificant association was noted between IPF and the rs2736100 variant in intron 2 of 
TERT. A later, much larger study of 1616 non-Hispanic whites with IPF and 4683 
controls demonstrated genetic associations between IPF and TERC at 3q26 and 
TERT at 5p15 [20]. Another survey of 10,379 individuals confirmed that the TERT 
locus is associated with susceptibility to pulmonary fibrosis [70]. These findings 
suggest that a common genetic variation in TERT and/or TERC may contribute to 
the risk of sporadic pulmonary fibrosis.

7.5.2  �RTEL1

RTEL1 is an essential iron-sulfur DNA helicase crucial for telomere maintenance 
and DNA repair. Germline mutations in this gene were observed along with short 
telomeres in patients with Hoyeraal-Hreidarsson syndrome [71], a clinically severe 
variant of dyskeratosis congenita characterized by cerebellar hypoplasia, severe 
immunodeficiency, enteropathy, and intrauterine growth retardation. Interestingly, 
whole-exome sequencing of 78 patients with FIP and 2816 controls identified five 
heterozygous loss-of-function variants in RTEL1, and noted shortened leukocyte 
telomeres, but not mucocutaneous features of DC [18]. Kannengiesser and col-
leagues also sequenced the exome in 35 families with FIP but without TERT or 
TERC mutations and found heterozygous mutations in RTEL1 in four families; car-
riers of which presented shorter telomeres against age-matched controls [72].

7.5.3  �PARN

PARN is an exoribonuclease that regulates the stability of a large number of mRNA 
transcripts, and governs several key cellular processes, including cell growth, dif-
ferentiation, and DNA damage response. In 2015, Stuart identified by whole-exome 
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sequencing heterozygous loss-of-function PARN mutations in six unrelated families 
with pulmonary fibrosis [18]. These mutations were eventually demonstrated to 
cause defective telomere maintenance [73]. Heterozygous PARN mutations were 
also identified in five of 262 cases of sporadic IPF [63].

7.6  �Mucus-Associated Genes

7.6.1  �MUC5B

In 2001, linkage analysis by genome-wide positional cloning in 82 patients with 
FIP, 492 patients with IPF, and 322 controls revealed an association between pulmo-
nary fibrosis and a 3.4 Mb region in chromosome 11q15 [74]. Consequently, fine 
mapping of SNPs in the cluster of mucin genes in chromosome 11 identified 
rs35705950, a common variant in the putative promoter of mucin 5B (MUC5B), to 
be strongly associated with pulmonary fibrosis. This minor allele was present in 
34% of FIP cases and 38% of sporadic IPF cases but only in 9% of controls. 
However, like common polymorphisms associated with other rare diseases, 
rs35705950 only has a small predictive value for the future development of IPF in 
the general population. Nevertheless, rs35705950 is thought to be exclusively asso-
ciated with FIP and IPF, but not other interstitial lung diseases, because it does not 
increase the risk of sarcoidosis or scleroderma-associated interstitial lung disease 
[75–77]. This association has been confirmed in independent cohorts in the USA, 
Europe, and Mexico [76, 78, 79]. In Asia, however, the association does not appear 
to be as definitive. For example, the T allele of rs35705950 is significantly more 
frequent in Chinese patients than in controls but is still considerably less frequent 
(3.33%) than in Caucasians with IPF [80]. Similarly, rs35705950 was rare even in 
Korean patients with IPF and was not associated with pulmonary fibrosis [79]. In 
Japan, Horimasu and colleagues found that rs35705950 was significantly associated 
with IPF but at a much lower frequency than in Germany [81]. Indeed, the 
rs35705950 allele frequencies in patients with IPF, NSIP, and unaffected controls 
were 3.4%, 1.7%, and 0.8% in Japan but 33.1%, 27.4%, and 4.3%, respectively, 
among Germans. Collectively, these observations suggest that, although polymor-
phisms in the MUC5B promoter may be significantly associated with IPF, its impact 
varies widely with race or ethnicity.

Recently, interstitial lung abnormality (ILA) was proposed as a term to encom-
pass specific patterns of increased lung densities observable on computed tomogra-
phy but that are seemingly without clinical significance. These include focal, 
unilateral, or patchy ground-glass opacity and focal or unilateral reticulation [82]. 
Hunninghake and colleagues first demonstrated in 2013 an association between 
rs35705950 and ILA in the general population, based on data from the Framingham 
Heart Study [83]. In particular, ILA increased in prevalence with an allele copy 
dependence of rs35705950, especially among older individuals. Subsequently, 
Araki et al. found, in 1847 participants in the same cohort, that increased copies of 
rs35705950 were independently associated with long-term progression of ILA [84]. 
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Taken together, these observations suggest that polymorphisms in the MUC5B pro-
moter may confer risk of ILA and its progression in individuals with clinically 
unrecognized interstitial lung disease.

MUC5B is a member of a family of mucins, which are conserved, structurally 
related glycoproteins, and are the principal macromolecules in airway mucus [85]. 
How rs35705950 contributes to the development of pulmonary fibrosis is poorly 
understood. Of note, rs35705950 is a gain-of-function variant in the MUC5B pro-
moter that boosts MUC5B production >30-fold even in unaffected carriers [74] and 
in the distal airways of the IPF lung [86]. Strikingly, excessive MUC5B expression 
is observed in metaplastic epithelia lining honeycomb cysts, as well as in terminal 
airway epithelia [74], in patients with IPF. Ectopic MUC5B expression was also 
reported in atypically differentiated cells in the bronchiolized distal airspaces of the 
IPF lung [87]. Taken together, the data suggest that MUC5B overexpression in the 
distal airway space is likely to be involved in pulmonary fibrosis. Indeed, excessive 
MUC5B production is hypothesized to reduce mucociliary clearance in the distal 
airway, cause retention of inhaled particles, and thereby enhance epithelial injury 
and probably impair epithelial repair in the alveoli. Thus, elucidating the precise 
mechanistic role of MUC5B in IPF may greatly advance our understanding of the 
pathogenesis of pulmonary fibrosis and identify novel therapeutic targets.

The MUC5B promoter variant also has prognostic value. Peljto and colleagues 
unexpectedly found, in two large independent cohorts, that rs35705950 is signifi-
cantly associated with better survival, independent of age, sex, pulmonary function, 
and treatment [88]. One possibility for the increased susceptibility but also increased 
survival is that IPF phenotypes are heterogeneous and that other genetic and/or 
environmental factors modify IPF phenotypes. Nevertheless, why mucus hyperse-
cretion in the distal airway promotes survival in IPF is still unclear, and further 
investigation is required.

7.7  �Genes Associated with Innate Immunity

Recent studies imply that the innate immune system plays a pivotal role in pulmo-
nary fibrosis. For example, activation of Toll-like receptors (TLRs) 2 and 9 promote 
lung fibrogenesis [89–91], while TLRs 3 and 4 inhibit fibrosis [92, 93]. In addition, 
type 2 innate lymphoid cells accumulate in the IPF lung and are actively involved in 
fibrosis [94]. Several variants of genes linked to innate immunity have also been 
associated with pulmonary fibrosis [21, 92, 95].

7.7.1  �TLR3

O’Dwyer and colleagues hypothesized that defective TLR3 signaling may contrib-
ute to IPF [92] and investigated the role of rs3775291, a loss-of-function L412F 
variant in the TLR3 promoter, which was recently shown to be ineffective at 
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activating NFκB and IRF3 [96]. In two separate IPF cohorts, the L412F polymor-
phism was associated with rapid progression and higher mortality. In addition, the 
activity TLR3 ligands that significantly inhibit proliferation in lung fibroblasts from 
wild-type IPF patients was markedly attenuated in cells from L412F heterozygous 
and homozygous IPF patients, possibly because of reduced production of type 1 
interferon. This study suggests that the L412F polymorphism in TLR3 is a potential 
marker of rapidly progressive IPF and that rescue of defective TLR3 signaling may 
be therapeutic.

7.7.2  �ELMOD2

Genome-wide association studies of six multiplex Finnish FIP families identified 
ELMOD2, a protein with engulfment and motility (ELMO) motifs, as a candidate 
susceptibility gene for IPF [97]. Indeed, one-third of affected family members 
shared a haplotype encompassing ELMOD2 and spanning 110 kb to 13 Mb on chro-
mosome 4q31.1. In contrast, this haplotype was present in only 7.7% of controls. 
ELMOD2 is expressed in alveolar macrophages and epithelium but is severely 
diminished in the IPF lung. Interestingly, Pulkkinen et  al. demonstrated that 
ELMOD2 is involved in TLR3-mediated antiviral response through type I and II 
interferon [95], suggesting that an ELMOD2-TLR3 axis against viral infection is 
associated with individual susceptibility to pulmonary fibrosis.

7.7.3  �TOLLIP

A recent three-stage genome-wide study by Noth and colleagues identified an asso-
ciation between IPF susceptibility and three SNPs in TOLLIP (rs111521887, 
rs5743894, and rs5743890) that lower TOLLIP expression to varying degrees in 
lung tissues [21]. Of these, the novel variant rs5743890 lowers the risk of IPF but 
also increases mortality. As TOLLIP is an inhibitory adaptor protein that suppresses 
TLR-mediated signaling and innate immunity, immune dysregulation due to SNPs 
may contribute to IPF susceptibility as well as disease course. Importantly, SNPs in 
TOLLIP may also determine the response to N-acetylcysteine therapy, which was 
reported by Oldham and collaborators to be beneficial to IPF patients with an 
rs3750920 TT genotype but harmful to those with a CC genotype [98].
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7.8  �Genes Associated with Pro- or Anti-inflammatory 
Cytokines and Chemokines

7.8.1  �IL-1/IL-1 Receptor Antagonist and TNF-α

IL-1 and TNF-α are potent proinflammatory cytokines that mediate fibrotic pro-
cesses and are abundantly secreted by alveolar macrophages in the lung [99]. Whyte 
and colleagues found that the TNF-α allele -308G>A is associated with susceptibil-
ity to fibrosing alveolitis, as is the +2018C>T allele of IL-1 receptor antagonist 
(IL-1RN), a naturally occurring inhibitor that suppresses the proinflammatory prop-
erties of IL-1 [100]. However, these associations were not observed in other studies 
[101, 102], although Barlo et  al. also demonstrated that the rs2637988 SNP in 
IL1RN confers risk of IPF [103]. Similarly, meta-analysis of five case-control stud-
ies of Caucasians [104] established conclusively that polymorphisms in the variable 
number tandem repeat in IL1RN (rs408392 and rs419598) increase susceptibility to 
IPF [104], suggesting that its reduced expression due to these polymorphisms pre-
disposes individuals to fibrogenesis.

7.8.2  �IL-4

Pulmonary fibrosis is characterized by bias toward Th2 cytokines such as IL-4 and 
IL-13 [105]. Although the latter is the central player in pulmonary fibrosis, the for-
mer induces and maintains the observed shift to Th2. Vasakova et al. reported that 
two polymorphisms in the IL-4 promoter (-590C>T and -33C>T) are more common 
in IPF patients than in healthy controls [106].

7.8.3  �TGF-β

TGF-β is a key cytokine that promotes pulmonary fibrosis via multiple mechanisms, 
including enhanced proliferation and differentiation of fibroblasts, collagen produc-
tion, and mesenchymal-epithelial transition. Xaubet and colleagues demonstrated 
that TGF-β1 polymorphisms in codons 10 and 25 (+869 T>C and +915 G>C) do not 
confer risk of IPF but affect disease progression in Spanish patients [107]. Recently, 
the TGF-β1 polymorphism T869C was shown in Koreans to be associated with IPF 
susceptibility and disease severity [108].
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7.8.4  �IL-8

IL-8 is a C-X-C chemokine with potent angiogenic properties as well as chemotac-
tic activity for neutrophils. In IPF patients, an increase in IL-8 protein in bronchoal-
veolar lavage fluid (BALF) and mRNA expression in alveolar macrophages has 
been demonstrated [109–111]. In a survey of Koreans, Ahn and colleagues detected 
an association between IPF risk and a promoter SNP (rs4073T>A) in a common 
IL-8 allele, possibly via increased IL-8 production [112].

7.8.5  �IL-10

IL-10, an anti-inflammatory cytokine with potent immunosuppressive activity, 
effectively resolves inflammation, although its role in pulmonary fibrosis is contro-
versial. IL-10 gene delivery was shown to attenuate bleomycin-induced pulmonary 
fibrosis by inhibiting TGF-β [113], but overexpression also induced pulmonary 
fibrosis by recruitment of fibrocytes and activation of M2 macrophages [114]. 
Whittington and colleagues identified a novel IL-10 polymorphism (+43G>A) asso-
ciated with reduced expression in IPF patients [115].

7.9  �Other Inflammation-Associated Genes

7.9.1  �CR-1

Complement receptor 1 (CR1), also known as C3b/C4b or CD35, is a type 1 trans-
membrane glycoprotein that mediates transport of immune complexes. Zorzetto 
and coworkers detected an association between the CR1 polymorphism +5507C>G 
and IPF susceptibility in white Italians [116]. However, subsequent studies indi-
cated that this association is absent in Finnish, Czech, and English populations 
[117, 118].

7.9.2  �IgG Fc Receptor

Fcγ receptors (FcγR) are immunoglobulins that induce phagocytosis of opsonized 
microbes. Bournazos and colleagues demonstrated that polymorphisms in FcγR IIa 
(CD32) and FcγR IIIb (CD16b) are associated with IPF susceptibility [119, 120]. 
In particular, R131H polymorphism in the former (rs1801274) affects disease 
severity and progression [119], while copy number of the latter elevates IPF 
susceptibility [121].
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7.10  �Genes Associated with the Extracellular Matrix

7.10.1  �MMPs

Matrix metalloproteinases (MMPs) are zinc- and calcium-dependent enzymes that 
degrade virtually all extracellular matrix components and are implicated in many 
physiological and pathological processes, including wound healing and fibrosis. In 
pulmonary fibrosis, certain MMPs accumulate in the lung, possibly leading to deg-
radation of alveolar epithelial basement membranes and enhanced fibroblast inva-
sion into alveolar spaces [122]. Checa and colleagues demonstrated that the 2G 
polymorphism at -1607  in the MMP-1 promoter not only boosts transcriptional 
activity [123] but also confers risk of IPF in a case-control study of 130 patients and 
305 healthy controls [124]. Interestingly, a recent study found that the T allele in 
MMP-9 (-1562C>T) possibly predisposes IPF patients to CPFE [125].

7.11  �HLA

In humans, major histocompatibility complex (MHC) genes are located on chromo-
some 6p, and encode class I and II human leukocyte antigens (HLA). HLA genes are 
highly polymorphic, and the HLA haplotype essentially determines the repertoire of 
antigens that stimulate T-cells. To date, several studies have reported associations 
between various HLA alleles and IPF [126–128]. For instance, Xue and colleagues 
demonstrated that the prevalence of DRB1*1501 at the HLA-DR locus was signifi-
cantly higher in IPF patients than in healthy controls [129]. Collectively, these data 
suggest that immunogenetic processes contribute to IPF susceptibility.

7.12  �Conclusion

Over the past decade, tremendous progress has been achieved in understanding the 
genetic causes of pulmonary fibrosis (Fig. 7.5). For instance, investigations of FIP 
have identified rare genetic variants in genes related to surfactant and telomere biol-
ogy. Large genome-wide association and linkage studies have also uncovered com-
mon genetic variants that confer risk, including in MUC5B and TERT. Further, 
functional studies of these rare as well as common genetic variants have provided 
novel insights into pathophysiology. More importantly, genetic factors that influ-
ence response to treatment and patient outcome have also been detected. Moving 
forward, next-generation and high-throughput sequencing will probably identify 
additional causative genes and pathways. Ultimately, combined analysis of genetic 
and environmental factors, including epigenetic modifications, will further improve 
our understanding of this disease, possibly leading to the development of novel, 
more effective therapies.
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Chapter 8
Other Diffuse Lung Diseases: Diffuse 
Cystic Lung Diseases (LAM, TSC, BHD), 
Sarcoidosis, Pulmonary Alveolar 
Proteinosis, and Pulmonary Alveolar 
Microlithiasis—What Are the Roles 
of Genetic Factors in the Pathogenesis 
of These Diseases?

Haruhiko Furusawa, Masahiro Masuo, Yoshihisa Nukui, Yasunari Miyazaki, 
and Naohiko Inase

Abstract  Lymphangioleiomyomatosis (LAM) is a rare multisystem disorder that 
mostly affects women in their reproductive years and predominantly affects the 
lungs. LAM occurs in patients with tuberous sclerosis complex (TSC-LAM) and as 
a sporadic form in patients who do not have tuberous sclerosis (S-LAM). Patients 
with TSC-LAM have germline mutations either in TSC1 located on chromosome 
9q34 or TSC2 located on chromosome 16p13.3, and the majority have a germline 
mutation in TCS2.

Birt-Hogg-Dubé (BHD) syndrome is a rare autosomal dominant disorder that is 
characterized by the development of cutaneous fibrofolliculomas, renal tumors, and 
pulmonary cysts, causing spontaneous pneumothorax. BHD is caused by germline 
mutations in the folliculin (FLCN) gene on chromosome 17 (17p12q11.2), which 
encodes the protein FLCN.

Sarcoidosis is a systemic granulomatous disease that affects young and middle-
aged adults. It frequently presents with bilateral hilar lymphadenopathy, pulmonary 
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infiltration, and ocular and skin lesions. Granuloma formation is caused by T-cell 
activation by antigen presentation; therefore, the most prominent finding was a link-
age to a section within human leukocyte antigens (HLA), a linkage to HLA-DRB1-
alleles, and variants of these alleles are associated with the disease course and 
specific organ involvement.

Pulmonary alveolar proteinosis (PAP) is a rare disease in which surfactants mainly 
accumulate in the alveolar space due to the dysregulation of surfactant clearance by 
AMs. GM-CSF receptor gene mutations, surfactant-related genes SFTPB and SFTPC, 
gene mutations in ATP-binding cassette 3 (ABCA3), which is essential for the intra-
cellular transport of surfactant, and NK2 homeobox 1 (NKX2-1), which is essential 
for the development of alveolar epithelial cells, have been reported in PAP patients.

Pulmonary alveolar microlithiasis (PAM) is an extremely rare disease and an 
autosomal recessive genetic disorder. Inactivating mutations are present in the sol-
ute carrier family 34 member 2 (SLC34A2) gene, which encodes the Ilb type 
sodium-dependent phosphoryl transport protein.

Keywords  Lymphangioleiomyomatosis · TSC · Birt-Hogg-Dubé syndrome  
FLCN · Sarcoidosis · HLA-DRB1 · Pulmonary alveolar proteinosis  
GM-CSF receptor · SFTPB · SFTPC · ABCA3 · NKX2-1 Pulmonary alveolar 
microlithiasis · SLC34A2

8.1  �Diffuse Cystic Lung Diseases (LAM, TSC, BHD)

8.1.1  �Lymphangioleiomyomatosis, Sporadic and Tuberous 
Sclerosis Complex

8.1.1.1  �Introduction

Lymphangioleiomyomatosis (LAM) is a rare multisystem disorder that mostly 
affects women in their reproductive years and predominantly affects the lungs [1, 
2]. LAM occurs in patients with tuberous sclerosis complex (TSC-LAM) and as a 
sporadic form in patients who do not have tuberous sclerosis (S-LAM) [3]. Both 
TSC-LAM and S-LAM are characterized by the proliferation of abnormal smooth 
muscle-like cells (LAM cells) in the lungs, lymphatics, and kidney, leading to cystic 
destruction in the lungs, chylous effusion, and abdominal tumors, such as angio-
myolipoma (AML), respectively.

The prevalence of LAM is 4.9 cases/million for females (range 3.35–7.76), and 
the average age at diagnosis of LAM is approximately 35 years [4]. TSC is an auto-
somal dominant genetic disorder that is characterized by seizures, mental retarda-
tion, and hamartoma of the brain, retina, skin, heart, lungs, and kidneys [3]. TSC 
occurs in 30–40% of women and 10% of men [5]. S-LAM appears to be limited to 
women, with the exception of one case report [6].

H. Furusawa et al.
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Clinical Manifestations

The clinical course of LAM is characterized by worsening dyspnea on effort, recur-
rent pneumothorax, and accumulation of chylous effusions in the chest and abdo-
men [1]. Ten years after diagnosis, approximately 55% of patients with LAM 
experience shortness of breath with walking, 20% require supplemental oxygen, 
and 10% die [7]. Airflow obstruction and hyperinflation are the most common phys-
iologic features. Pulmonary function tests show a decline in forced expiratory vol-
ume in 1 s (FEV1) and diffusing capacity for carbon monoxide (DLCO) [8, 9]. The 
progression of lung disease in patients with LAM is best estimated by serial mea-
surements of lung function [10].

Although S-LAM and TSC-LAM are associated with the same genetic mutation, 
there are differences in their clinical presentation. Ryu JH et al. reported that normal 
lung function was observed in approximately 31% of patients with S-LAM and in 
approximately 53% of patients with TSC-LAM [11]. In a study that compared CT 
findings, patients with S-LAM often had a higher frequency of pulmonary nodules 
than those with TSC-LAM, whereas patients with TSC-LAM had a higher fre-
quency of pneumothorax and AMLs [12].

8.1.1.2  �Diagnosis

Radiological HRCT images show multiple thin-walled round well-defined cysts 
distributed evenly throughout the lungs. The cysts vary, typically ranging from 2 
to 5 mm in diameter, and their wall thickness varies from 0.1 to 2 mm (Fig. 8.1) 
[13, 14].

Histologically, LAM cells are found in the walls of the cysts and along 
bronchioles, lymphatics, and blood vessels in the lung. LAM cells consist of two 
types: smaller spindle-shaped cells and larger epithelioid cells (Fig. 8.2). LAM 
cells are positive for smooth muscle action, vimentin, desmin, and estrogen and 
progesterone receptors. While cells positive for human melanoma black-45 
(HMB-45) are classically associated with the diagnosis LAM, they are not detect-
able in all LAM cells, and HMB-45 expression may vary from case to case [15–
17]. LAM cells also stain positively for vascular endothelial growth factor 
(VEGF)-C and VEGF-D [18].

The definitive diagnosis is made by tissue biopsy (usually from the lung). 
However, surgical lung biopsy is associated with a risk of developing pneumotho-
rax, which must be considered. The European Respiratory Society Guidelines indi-
cate that the diagnosis of LAM can be made with reasonable certainty on the basis 
of characteristic cystic changes on HRCT in patients with tuberous sclerosis, AML, 
chylous effusion, or lymphadenopathy [14]. The exclusion of an alternative cause of 
cystic lung disease should be carefully conducted. Recently, a serum VEGF-D level 
>800 pg/ml in a patient with typical HRCT findings has been proposed as a diagnos-
tic marker [19].

8  Cystic Dis., Sarcoidosis, PAP and PAM
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Fig. 8.1  Computed 
tomography scan of the 
lung. Multiple round 
thin-walled cysts are 
diffusely distributed 
without any zonal 
predominance (Provided 
by the authors)

Fig. 8.2  Pathological 
findings of the surgically 
biopsied lung specimen 
(hematoxylin and eosin 
stain). A cystic lesion and 
nodular lesions are 
observed. Focal 
proliferation of short 
spindle-shaped cells is 
present (inset) (Provided 
by Dr. Hiroshi Ishii et al. 
Respir Investig. 
2014;52:261–4)

H. Furusawa et al.



139

8.1.1.3  �Genetic Aspects and Relevance

TSC1, located on chromosome 9q34, and TSC2, located on chromosome 16p13.3, 
were identified as the genes responsible for TSC in 1997 and 1993, respectively [20, 
21]. Patients with TSC-LAM have germline mutations either in TSC1 or TSC2, and 
the majority has a germline mutation in TCS2 [22]. Patients with S-LAM have no 
TSC2 germline mutation [23]. Loss of the heterozygosity (LOH) of TSC2 was found 
in LAM lesions from patients with TSC-LAM and S-LAM patients and not in sur-
rounding normal tissue [24, 25]. In addition, an inactivating somatic mutation was 
present in the lungs and kidneys of the same patients with S-LAM [26]. These results 
indicate that inactivation of both alleles of TSC1 or TSC2 is the cause of LAM in 
both TSC-LAM and S-LAM and that LAM cells have metastatic properties.

The microdissection of LAM nodules from patients with S-LAM revealed that 
inactivating TSC2 mutations were found in 8/10 cases, with mutant allele frequencies 
of 4–60% in microdissected cells, which were positive for both SMA and HMB45 
[27]. This result suggests that a high degree of heterogeneity is present in LAM 
nodule cell populations, including both TSC2-mutant cells and wild-type cells. The 
relationship between these cells and their role in the development of LAM remains 
to be resolved. Moreover, this study demonstrated that two cases without a TSC1 or 
TSC2 mutation were identified, which suggests that another genetic mechanism 
may be involved in the pathogenesis of LAM.

TSC1 and TSC2 encode the proteins hamartin and tuberin, respectively, and these 
proteins form a heterodimeric complex that inhibits the mammalian target of 
rapamycin (mTOR) signaling pathway [28, 29]. Dysregulation of the mTOR signal-
ing pathway is the cause of abnormal LAM cell proliferation. The large serine/
threonine protein kinase mTOR belongs to the phosphatidylinositol kinase-related 
kinase family and regulates cell growth as well as cell proliferation, migration, sur-
vival, and metabolism [30].

8.1.1.4  �Treatment and Management

The Multicenter International LAM Efficacy of Sirolimus (MILES) trial was a 
double-blind, randomized, placebo-controlled study of 1 year of treatment with the 
mTOR inhibitor sirolimus versus placebo followed by 1 year of off-treatment obser-
vation. This study showed that sirolimus stabilized the forced expiratory volume in 
1 s, improved the forced vital capacity, and improved quality of life. However, dur-
ing the 1 year of off-treatment observation, lung function declined in both groups, 
which indicates the need for continuous treatment for the stability of lung function 
[31]. For patients with LAM with a decline in lung function or with persistent chy-
lous effusion, treatment with mTOR inhibitors should be considered [32]. 
Bronchodilators are prescribed to patients with airway reversibility and to patients 
with obstructive ventilatory impairment for symptom relief. Due to the high recur-
rence rate of pneumothorax (70%), pleurodesis is recommended at the time of the 
initial pneumothorax [33]. Lung transplantation is an important option for patients 
with progressive respiratory failure [34].
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8.1.2  �Birt-Hogg-Dubé Syndrome

8.1.2.1  �Introduction and Clinical Aspects

Birt-Hogg-Dubé (BHD) syndrome was initially described in 1977 as kindred; 15 of 
70 family members developed multiple, small, white, or skin-colored papules on the 
face, neck, and upper trunk after the age of 25 years [35]. BHD syndrome is a rare 
autosomal dominant disorder that is characterized by the development of cutaneous 
fibrofolliculomas, renal tumors, and pulmonary cysts, causing spontaneous pneu-
mothorax [36]. However, it does not necessarily present all of these characteristics, 
and patients with different phenotypes have been shown to exhibit various combina-
tions or single lesions.

Regarding clinical manifestations, lung cysts have been described in most  
(77–89%) patients with BHD syndrome, and the estimated incidence of pneumo-
thorax in these patients is 33–38%. No evidence of neoplasia, inflammation, or 
fibrosis has been found in association with these lung cysts. Classically described 
skin findings consist of a triad of hamartomas of the hair follicles (fibrofolliculo-
mas), tumors of the hair disk (trichodiscomas), and skin tags (acrochordons). Renal 
tumors, when present, are often multiple and bilateral [36]. There was no significant 
difference in the diagnosis of colorectal polyps or colon cancer compared to the 
non-BHD syndrome group.

8.1.2.2  �Clinical Manifestations

Pulmonary Lesions

Pulmonary cysts and spontaneous pneumothorax are the important symptoms 
of BHD syndrome. A family history of pneumothorax is present in 35% of patients 
with BHD syndrome [37]. The risk of pneumothorax in BHD patients is 50-fold 
higher than that in the general population. Toro et al. evaluated 198 patients from 
89 families with BHD syndrome and focused on lung cysts and spontaneous 
pneumothorax. They reported that 89% (177/198) of patients with BHD syndrome 
had lung cysts, which were detected with CT scans of the chest, and approxi-
mately 24% (48/198) of patients and 35% (31/89) of BHDS families screened for 
lung cysts had a history of spontaneous pneumothorax [38]. There was no gender 
difference for the onset of pneumothorax. The median age of occurrence was 
38  years (range, 22–71  years), and 75% (36/48) of patients had a second 
pneumothorax.

In CT scans of the chest, lung cysts have a tendency to exhibit thin/smooth walls 
and no fusion, and relatively large cysts can be present in the basal or subpleural 
lungs (Fig. 8.3). Tobino et al. analyzed thin-section CT images of the chest in 12 
patients and showed that the number (range, 29–407/person) and size (from a few 
mm to 2 cm or more) of the cysts varied. Most cysts were irregular-shaped, and 
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approximately 40% of cysts were located along the pleura, predominantly in the 
lower medial zone. Furthermore, they found cysts located in, and abutting on, the 
proximal portions of lower pulmonary arteries or veins.

Furuya et  al. used histology to investigate the lungs of 11 patients from nine 
families and found that the cysts had walls that were partially incorporated with the 
interstitial stroma of the interlobular septum, visceral pleura, or bronchovascular 
bundle and that the inner surface was lined by epithelial cells, sometimes with a 
predominance of type II pneumocyte-like cuboidal cells, and occasionally con-
tained internal septa consisting of alveolar walls or showed an “alveoli within an 
alveolus” pattern (Fig. 8.4) [39].

Kumasaka et  al. hypothesized that the cysts possibly expanded in size as the 
alveolar walls disappeared at the alveolar-septal junction and grew even larger when 
several cysts fused [40].

Cutaneous Lesions

Fibrofolliculomas, trichodiscomas, and acrochordons are the triad of skin lesions 
that characterize BHD syndrome [35]. Fibrofolliculomas are the most common phe-
notypic features of BHD syndrome, occurring in more than 85% of BHD patients 

Fig. 8.3  CT scan of the 
lung. Upper row, multiple 
cysts are observed in left 
S10; lower row: cysts in 
contact with blood vessels 
are observed in the lower 
right lobe (white arrows) 
(Provided by the authors)
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over the age of 25 on the face, neck, and upper trunk and less frequently on ear lobes 
or oral mucosa [41].

Renal Lesions

The incidence of renal tumors is 6–34% and increases after the age of 40. Renal 
tumors are usually bilateral and multiple. Unlike pulmonary lesions and skin 
lesions, in addition to the germline mutation of the FLCN gene, a somatic mutation 
of an allele or a “second hit,” such as LOH, is considered to be to be the cause of 
onset [42].

8.1.3  �Diagnostic Criteria for BHD Syndrome

Schmidt et al. proposed the following diagnostic criteria to be suggestive of BHD 
syndrome: (1) at least two cutaneous papules that are clinically consistent with 
fibrofolliculoma/trichodiscoma and at least one histologically confirmed 

Fig. 8.4  Pathological findings of the left lower lobe. Upper row: In the left S10 tissue, ruptured 
cysts, bullae, and emphysematous cystic cavities are observed in part of the subpleura. Bottom: In 
the left S8 tissue, a bleb is observed adjacent to the pleura (left, HE staining; right, EVG staining) 
(Provided by the authors)
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fibrofolliculoma; (2) multiple bilateral pulmonary cysts located mainly in the basi-
lar regions of the lung with or without a history of spontaneous pneumothorax that 
develops prior to age 40, but especially with a family history of these pulmonary 
manifestations; (3) bilateral, multifocal chromophobe renal carcinomas or hybrid 
oncocytic tumors, especially with a family history of renal tumors or an early age 
(<50 years) of onset; and (4) a combination of these cutaneous, pulmonary or renal 
manifestations in a patient or members of his family. A definitive diagnosis of BHD 
syndrome is confirmed with a diagnostic genetic test that is positive for a germline 
FLCN mutation [41].

8.1.4  �Genetic Aspects and Relevance

BHD is caused by germline mutations in the folliculin (FLCN) gene, which encodes 
the protein FLCN [37]. In 2001, Khoo et al. (Sweden) and Schmidt et al. (USA) 
identified the responsible gene on chromosome 17 (17p12q11.2) almost simultane-
ously via mapping analysis [43, 44]. The FLCN gene sequence was identified and 
named in 2002 by Nickerson. FLCN consists of 14 exons that span approximately 
20 kb of genomic DNA, 11 kb of which encode transcript mRNA and a 579-amino 
acid protein [45].

More than 150 unique FLCN germline mutations have been reported, as updated 
by the European Birt-Hogg-Dubé Consortium (https://grenada.lumc.nl/LOVD2/
shared1/home.php?select_db=FLCN). They are predominantly mutations (base 
substitution, deletion, duplication, indel, insertion) that result in premature protein 
truncation and a presumed loss of FLCN function. In addition, nine large intragenic 
deletions or duplications are expected to severely disrupt protein structure or, at a 
minimum, to delete the last exon, and seven missense mutations that result in amino 
acid substitutions have been documented [41]. The most frequent mutation is a “hot 
spot” mutation that occurs in almost half of patients within a polycytosine C8 tract 
of exon 11.

The primary functions of the folliculin protein include roles in mTOR and AMPK 
signaling via the interaction of FLCN with FNIP1/2 and cell-cell adhesion via the 
physical interaction of FLCN with plakophilin 4 (PKP4), an armadillo-repeat-
containing protein that interacts with E-cadherin and is a component of adherent 
junctions. However, the mechanism through which the loss of a single FLCN allele 
leads to pathogenesis is unclear. In renal lesions in BHD patients, the FLCN gene 
functions as a tumor suppressor gene, which fits the Knudson “two-hit” tumor sup-
pressor gene model; a germline event inactivates one allele; and a somatic event, 
often the loss of heterozygosity, inactivates the second allele in renal cell carci-
noma. On the other hand, it is unknown if a second hit event is required for the ini-
tiation of pulmonary cyst formation in BHD. Kennedy et al. described a “stretch 
hypothesis,” which proposes that cysts arise because of fundamental defects in cell-
cell adhesion due to FLCN deficiency, leading to repeated respiration-induced phys-
ical stretch-induced stress and, over time, the expansion of alveolar spaces, 
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particularly in regions of the lung with larger changes in alveolar volume and at 
weaker “anchor points” to the pleura, including the interlobular septa and attach-
ments to the visceral pleura in the secondary lobule [46].

Currently, although there is no clear correlation between the type or location of 
the FLCN gene mutation and organs with phenotype:genotype-phenotype correla-
tions, several trends have been noted [41]. In a Japanese cohort of 36 BHD patients 
with multiple lung cysts, mutations that were most frequently identified in the 
3′-end of the FLCN gene, including exons 12 and 13 (13/25.52.0%), and mutations 
that were related to a history of pneumothorax were the predominant phenotypic 
features [47].

In analyses of genotype-phenotype correlations, Toro et al. reported that among 
patients with mutations in exon 9, the number of lung cysts was higher, and the cysts 
were larger, and among the patients with mutations in exon 12, the cysts were larger. 
Particularly in exon 9 mutant cases, there were more patients with renal tumors. 
These results suggested that exon 9 is a functionally important site [38]. Another 
report by Schmidt et al. noted that BHD-affected individuals with the c.1285delC 
mutation in the exon 11 mutation “hot spot” had fewer renal tumors (1/26) com-
pared to BHD-affected individuals with the c.1285dupC mutation (13/56), although 
the sample size was too small for significance to be reached [48].

8.1.5  �Treatment and Management

To date, there is no treatment for the disease; however, the advantage of an early 
diagnosis is in the initiation of screening for renal tumors. If the syndrome is sus-
pected, full family and genetic histories should be taken because of the autosomal 
dominant nature of its transmission and the fact that cutaneous symptoms are often 
absent or subtle or exhibit a late onset.

For pulmonary involvement, therapy is largely focused on the treatment and pre-
vention of pneumothorax. Because of its high recurrence rate, surgical intervention 
with resection and pleurodesis is an acceptable option, even in patients with a first 
episode of pneumothorax. Patients should be cautioned about the increased risk of 
pneumothorax in association with scuba diving and air travel [36].

8.2  �Sarcoidosis

8.2.1  �Introduction and Clinical Aspects

Sarcoidosis is a systemic granulomatous disease that affects young and middle-aged 
adults. It frequently presents with bilateral hilar lymphadenopathy, pulmonary infil-
tration, and ocular and skin lesions. The liver, spleen, kidney, heart, nervous system, 
muscles, and other organs may also be involved. A diagnosis of the disorder usually 
requires the demonstration of typical lesions in more than one organ system and 
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exclusion of other disorders that are known to cause granulomatous disease [49] 
(Fig. 8.5).

The clinical expression, natural history, and prognosis of sarcoidosis are highly 
variable and depend on the pattern of onset, race, and development organ. This dis-
ease occurs more often in women; the peak incidence in men occurs at 20–29 years 
old, while women displayed two peak incidences at 25–29 and 65–69 years old in a 
Northern European country and Japan. The incidence risk of sarcoidosis in US 
blacks is approximately three times higher than in US whites. Sarcoidosis is 
relatively rare in Japan, while Northern European countries reported the highest 
prevalence rates in the world.

A Case Control Etiologic Study of Sarcoidosis (ACCESS) enrolled 736 patients 
with sarcoidosis in the United States. In this study, women were more likely to have 
eye and neurologic involvement and to have erythema nodosum, whereas men were 
more likely to be hypercalcemic. Blacks were more likely to have eye, liver, bone 
marrow, skin, and extrathoracic lymph node involvement other than erythema nodo-
sum [50].

8.2.2  �Clinical Manifestations

Patients with sarcoidosis exhibit specific organ disorders and nonspecific systemic 
constitutional symptoms, such as fever, fatigue, malaise, pain, and weight loss. The 
most frequently involved organ is the lung, which is affected in more than 90% of 
patients. Two-thirds of sarcoidosis patients can expect to achieve remission; how-
ever, approximately 20% of patients evolve toward pulmonary fibrosis. Common 

Fig. 8.5  A well-circumscribed, non-necrotizing granuloma in the lung showing central epithelioid 
histiocytes surrounded by lymphocytes
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symptoms include cough, dyspnea, and chest pain. Lung parenchymal manifesta-
tion is predominant in the upper to middle lung field, and four stages of intrathoracic 
findings have been identified on chest X-ray images: stage I is bilateral hilar ade-
nopathy (Fig. 8.6a, b), stage II is bilateral hilar adenopathy with parenchymal infil-
tration, stage III is parenchymal infiltration without hilar adenopathy, and stage IV 
is pulmonary fibrosis (Fig. 8.7). Stage IV sarcoidosis is generally associated with 
poor pulmonary function and a poor prognosis.

a b

Fig. 8.6  Bilateral hilar lymphadenopathy on a chest X-ray (a) and extensive mediastinal and hilar 
lymph node enlargement on a chest CT (b)

Fig. 8.7  Extensive 
pulmonary fibrosis

H. Furusawa et al.
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Ocular lesions frequently occur in Japanese patients (38%). Uveitis is the most 
common and can cause glaucoma or cataracts. Local therapy with corticosteroids 
may spontaneously resolve the inflammation.

Myocardial involvement occurs in approximately 5% of sarcoidosis patients; 
however, it is found at autopsy in up to 25% of patients in the United States and 
more than 50% of patients in Japan. Cardiac sarcoidosis can affect any part of the 
heart and the conduction system. The symptoms and clinical course vary from 
asymptomatic to syncope, heart failure, or sudden death. Electrocardiogram, echo-
cardiogram, and myocardial imaging with thallium-201 are used for diagnosis. The 
presence of granulomas in an endomyocardial biopsy can confirm the diagnosis of 
cardiac sarcoidosis; however, the low positive rate of this procedure makes diagno-
sis difficult to obtain [51].

8.2.3  �Diagnosis

Diagnosis of sarcoidosis is made via identification of noncaseating granulomas 
with the exclusion of other diseases (e.g., tuberculosis, lymphoma, and lung can-
cer) and compatible clinical and radiographic manifestations. Biopsies should be 
performed on the most accessible lesion, such as cutaneous lesions or superficial 
lymph node swellings. If there is no involvement, flexible bronchoscopy with 
transbronchial lung biopsies (TBLB) or endobronchial ultrasound-guided trans-
bronchial needle aspiration (EBUS-TBNA) is recommended. There are several 
reports that EBUS-TBNA yields a higher positivity rate of granulomas compared 
to TBLB [52].

8.2.4  �Genetic Aspects and Relevance

The pathogenesis of sarcoidosis is unknown; however, both environmental and 
hereditary etiologies have been considered. The existence of hereditary etiologies, 
supported by many reports of familial clustering, has been observed worldwide; 
monozygotic twins are more often concordant for disease than dizygotic twins, and 
blacks are more frequently affected by this disease and show more severe and 
chronic clinical courses than individuals of other ethnicities. However, this disease 
is not caused by a single major gene, and there are many candidate causes due to 
immunological or genetic aspects. Granuloma formation is caused by T-cell activa-
tion by antigen presentation; therefore, the most prominent finding was a linkage to 
a section within human leukocyte antigens (HLA). Several specific HLA alleles are 
thought to influence the incident rate and clinical course of this disease. The most 
prominent finding is a linkage to HLA-DRB1 alleles, and variants of these alleles 
are associated with the disease course and specific organ involvement. 
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HLA-DRB1*03 is strongly associated with Lofgren’s syndrome, and Grunewald 
et al. demonstrated that *03-positivity was strongly correlated with a good progno-
sis in Swedish patients with Lofgren’s syndrome [53]. This allele is common in 
Europeans and very rare in Japanese, and there are few patients with Lofgren’s 
syndrome. HLA-DRB1*1101, DRB1*1201, DRB1*1501, and DRB1*0402 are 
also correlated with the incidence risk of sarcoidosis [54], and DRB1*08 is a candi-
date allele that only appears in Japanese patients [55].

Non-HLA genes that influence antigen processing, antigen presentation, granu-
loma formation, or autophagy may also be considered sarcoidosis candidate genes. 
BTNL2 (butyrophilin-like 2), located on chromosome 6p at the junction of HLA 
class II and class III regions, is a member of the immunoglobulin superfamily and 
has been implicated as a costimulatory molecule that is involved in T-cell activation 
on the basis of its homology to B7-1. The G→A transition that constitutes rs2076530 
leads to a premature truncation of the protein and may result in insufficient T-cell 
regulation [56]. The A allele frequency of rs2076530 was significantly increased in 
sarcoidosis patients compared with controls, and this allele correlated with a chronic 
and severe clinical course [57]. On the other hand, the annexin A11 (ANXA11) 
gene, which may affect the apoptosis pathway, was also identified as a susceptibility 
locus for sarcoidosis [58], but the T allele of rs1049550 leads to a mild form of the 
disease that resolves spontaneously in the majority of cases [59].

The CARD15 gene, known as the nucleotide-binding oligomerization domain 2 
gene (NOD2), is involved in innate immunity through recognition of bacterial 
pathogens. This gene is a causative gene of Blau syndrome and early onset sarcoid-
osis (EOS) [60]. Sato et al. reported that the NOD2 genotype did not differ between 
adult sarcoidosis patients and controls; however, the 2104T polymorphism was 
associated with worse lung function, and the 1761G polymorphism was associated 
with better lung function [61].

8.2.5  �Treatment and Management

Sarcoidosis shows spontaneous remission in more than half of patients without any 
systemic treatment or with local corticosteroid treatment (such as ointment or eye 
drops) only, but this disease persists as a chronic disease in approximately one-third 
of those affected. Therefore, the use of systemic steroids must be considered care-
fully. Severe lung involvement and myocardial and nervous lesions require systemic 
therapy. The most commonly used agent is a corticosteroid. Generally, 20–40 mg of 
prednisolone is initially started and continued with gradual tapering for 1 month. If 
the patient has a recurrence of symptoms and the involvement is remitted after 
6–12 months, systemic therapy may be finished. Methotrexate and azathioprine or 
infliximab might be considered when patients show an insufficient response in spite 
of adequate corticosteroid treatment.
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8.3  �Pulmonary Alveolar Proteinosis

8.3.1  �Introduction and Clinical Aspects

Pulmonary surfactant is composed of protein and phospholipid; its surfactant action 
prevents the collapse of the lung by reducing surface tension and plays an important 
role in respiratory function. Pulmonary surfactant is synthesized and secreted by 
type II alveolar epithelial cells. Alveolar macrophages (AMs) play a critical role in 
surfactant uptake and degradation in a process that depends on signaling by granu-
locyte macrophage colony-stimulating factor (GM-CSF). Pulmonary alveolar pro-
teinosis (PAP) is a rare disease in which surfactants mainly accumulate in the 
alveolar space due to the dysregulation of surfactant clearance by AMs.

GM-CSF is an important cytokine in the pathology of PAP. In 1994, PAP-like 
lung lesions were observed in GM-CSF knockout mice [62]. In GM-CSF knockout 
mice, a lung-specific transgenic system for GM-CSF and the inhalation of GM-CSF 
improve the pathology of PAP. In addition, GM-CSF was required when alveolar 
macrophages were treated with pulmonary surfactant, and GM-CSF could be an 
option for treatment [63]. In addition, it was reported that a high level of autoanti-
bodies against GM-CSF (anti-GM-CSF antibodies) was present in the sera of 
patients with idiopathic PAP, but not in the sera of S-PAP patients. The dysfunction 
of AMs due to the neutralization of GM-CSF bioactivity by an autoantibody was 
indicated to be the pathogenesis of human idiopathic PAP [64].

Other genetic abnormalities associated with PAP, including mutations in the 
GM-CSF receptor α chain gene (CSF 2 RA) on the X chromosome pseudoautoso-
mal region 1 and in the β chain gene (CSF 2 RB) on chromosome 22, inhibit 
GM-CSF signaling and have been detected in patients with congenital PAP [65, 66]. 
The four main surfactant proteins are SP-A, SP-B, SP-C, and SP-D, and the corre-
sponding genes are SFTPA, SFTPB, SFTPC, and SFTPD, respectively. Mutations of 
surfactant protein genes are responsible for quantitative and qualitative alterations 
in secreted surfactant, consequently leading to ineffective surfactant and abnormal 
clearance. These are known to be the causes of PAP due to the mutations as well.

PAP is classified depending on the etiology: (1) autoimmune PAP (previously 
named primary or idiopathic), (2) genetic PAP, and (3) secondary PAP. Autoimmune 
PAP represents ~90% of all PAP cases and is rarely associated with another autoim-
mune disease; indeed, in the study by Seymour et  al., only 7 (1.7%) out of 410 
patients had another autoimmune disease [67]. GM-CSF receptor gene mutations 
were found in PAP patients who were anti-GM-CSF antibody negative. In addition 
to the surfactant-related genes SFTPB and SFTPC, gene mutations in ATP-binding 
cassette 3 (ABCA3), which is essential for the intracellular transport of surfactant, 
and NK2 homeobox 1 (NKX2-1), which is essential for the development of alveolar 
epithelial cells, have been reported. Secondary PAP is recognized as a PAP that 
develops with some underlying disease, such as malignant tumors (especially a 
blood malignancy, such as myelodysplastic syndromes, MDS), and inhalation of 
toxins, such as dust [68].
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8.3.2  �Diagnosis

In autoimmune PAP patients, symptoms are not specific, and almost one-third of 
patients are asymptomatic. Dyspnea is present in 39% of cases, and cough, produc-
tive or not, is present in 21% of patients. Chest pain, loss of weight, fatigue, and fever 
are rare. The clinical examination results are often normal. Cyanosis or digital club-
bing may be present in up to 30% of cases, and auscultation may reveal crackles [68]. 
On the other hand, in secondary PAP with MDS, it is reported that 45% of patients 
had fever. Genetic PAP is similar to autoimmune PAP in clinical presentation except 
that patients have no anti-GM-CSF antibody and the age of onset is young. PAP with 
surfactant-related gene mutations, although dependent on the causative gene, shows 
respiratory failure during the neonatal period, possibly leading to death.

Bronchoalveolar lavage is useful for the diagnosis. It has a milky appearance and 
has precipitation when standing still (Fig. 8.8). Cytological examination and peri-
odic acid-Schiff (PAS) staining reveal large, foamy macrophages that contain eosin-
ophilic granules, with extracellular globular hyaline material found homogeneously 
positive on PAS.

In radiological findings, chest radiography reveals symmetric, bilateral alveolar 
opacities, without air bronchogram, that exhibit a perihilar and basal distribution. 
The levels of opacities and symptoms are often discrepant. A chest CT scan is a 
major tool in the diagnosis of PAP. Major abnormalities are ground-glass opacities, 
septal reticulations, and parenchymal consolidation. Reticulations are frequently 
superimposed on ground-glass opacities, forming a “crazy-paving” pattern that is 
characteristic of PAP. Opacities have a typically geographic distribution, with a jux-
taposition of healthy and sick zones.

Fig. 8.8  Bronchial lavage fluid and CT scans of the lungs of patients with PAP (Provided by the 
authors)
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8.3.3  �Genetic Aspects and Relevance

Genetic PAP includes mutations in the GM-CSF receptor α (CD116) or β (CD131) 
chains, SFTPB, SFTPC, ABCA3, NKX2-1, and lysinuric protein intolerance.

The GM-CSF receptor is composed of the binding α chain, encoded by CSF2RA, 
and the common β chain (CD131), encoded by CSF2RB, which is also used by IL-3 
and IL-5 receptors. Transmission in both mutations is autosomal recessive. 
Mutations in the CSF2RA gene have only been reported in children, not in neonates, 
corresponding to 6% of all PAP cases. A mutation in CSF2RB has been reported in 
children, but there are reports of individuals who are diagnosed in their 30s.

The term PAP has been widely used in patients with surfactant mutation-
associated disorders. Historically, these disorders are referred to as congenital PAP, 
which is mainly seen in the neonatal period. Mutations of SP-B (SFTPB), SP-C 
(SFTPC), and ABCA3 (ABCA3), which are necessary for the intracellular transport 
of surfactant, and NKX2-N (or TTF-1), which is necessary for lung development, 
have been reported in patients with congenital PAP. Most cases of congenital PAP 
are transmitted in an autosomal recessive manner. The surfactant protein SP-B is 
encoded by SFTPB on human chromosome 2p11.2, which produces a 381-amino 
acid preproprotein that is expressed and processed by type II epithelial cells. 
Congenital PAP is most often caused by homozygosity for a frameshift mutation 
(121ins2) in the SP-B gene, which has a lethal course in the neonatal period. SFTPC 
is located on chromosome 8p21.3 and encodes the preprotein pro-SP-C, which is 
selectively expressed in alveolar type II epithelial cells in the lung. Mutations of 
SP-C are transmitted in a dominant or point mutation (de novo) manner. The most 
frequent mutation is a point mutation that causes substitution of threonine by isoleu-
cine at the position 73 codon, I73T. Compared with the PAP of the SFTPB mutation, 
the age of onset varies, and there are cases of insidious onset and relatively long-
term survival. SFTPC mutations are associated with interstitial lung diseases in neo-
nates, children, and adults. While ABCA3 is expressed in various tissues, 
abnormalities are only found in the lung. Mutations in ABCA3 (chromosome 
16p13.3) are the most common cause of hereditary respiratory failure in newborns, 
are inherited in an autosomal recessive manner, and have a fatal course at the neo-
natal stage or lead to chronic respiratory failure during childhood. The most com-
mon genetic mutation is a missense point mutation, which causes the substitution of 
glutamic acid at the 292th codon by valine, E292V. NKX2-1 (TTF-1) is a protein 
that is specifically expressed in the thyroid gland, lung, and mesencephalon and 
regulates the expression of SFTPA, SFTPB, SFFTPC, Clara cell secretory protein, 
and ABCA3.

The NKX2-1 gene mutation is characterized by a disease that is similar to PAP 
of SPTPB, SPTPC, and ABCA3 mutation and repeated infection. In addition, PAP 
due to lysinuric protein intolerance caused by an SLC7A7 mutation has also been 
reported.
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8.3.4  �Treatment and Management

Clinical courses of PAP vary from natural remission to death. Among the 39 asymp-
tomatic, untreated patients with autoimmune PAP from the Japanese cohort (17%), 
11 (28%) showed spontaneous improvement, 3 (7%) had worsened disease and 
symptoms, and 25 (64%) had stable disease [69].

Treatment via lung lavage has recently become common, and the 5-year survival 
rate of autoimmune PAP in patients who receive this treatment is reported to be 
95%. On the other hand, the median survival time of secondary PAP is 16 months, 
and the prognosis is relatively worse.

Because autoimmune PAP has spontaneous remission, no therapy is required in 
asymptomatic cases or in cases with mild respiratory failure. However, treatments 
such as lung lavage are selected for patients with progressive respiratory failure. 
The improvement of survival rate, symptoms, images, and pulmonary function has 
been reported, although the observations are retrospective [67].

GM-CSF replacement therapies with inhalation or subcutaneous injection are 
other options for treatment. These treatments are often administered to patients in 
whom total lung lavage has been ineffective and for patients who are not eligible to 
receive lung lavage because of poor cardiopulmonary function. In a retrospective 
study of 12 patients with autoimmune PAP, the improvement rate of GM-CSF inha-
lation therapy is reported to be 91%. GM-CSF subcutaneous injection therapy has 
been conducted in Europe and the United States, and it is reported that the effective 
rate is 40–50%. GM-CSF therapy has few serious side effects; however, there is no 
fixed predictor for the effect, which is a future task. Rituximab, also known as an 
anti-CD20 monoclonal antibody, can treat autoimmune PAP by lowering the con-
centration of the anti-GM-CSF antibody. There are a few reports that rituximab has 
been effective for all ineffective lung lavage cases [70]. Immunosuppressants and 
corticosteroid are considered to be ineffective for autoimmune PAP. In secondary 
PAP, pulmonary lesions may improve due to the treatment of the underlying disease. 
Total lung lavage can be used in combination. In the case of secondary PAP caused 
by inhalation exposure, avoidance of inhalation exposure is important.

8.4  �Pulmonary Alveolar Microlithiasis

8.4.1  �Introduction and Clinical Aspects

Pulmonary alveolar microlithiasis (PAM) is an extremely rare disease and an auto-
somal recessive genetic disorder in which the responsible gene was unidentified 
until recently. Familial cases of PAM occur at frequencies ranging from 36% to 
61%; the disorder has been reported to occur among siblings and cousins in a hori-
zontal pattern and less frequently between parents and children in a vertical pattern 
of familial inheritance [71]. In patients with PAM, microliths made of calcium 
phosphate arise in the alveolar space, slowly grow and occupy the space, and cause 
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chronic inflammation or fibrosis in the alveolar wall. Ultimately, these lesions lead 
to a state of chronic respiratory failure.

An Italian scientist, Malpighi, was the first to provide a concise and detailed 
macroscopic description of the disease in 1686: “In vesciculis pulmonum innumeri 
lapilli sunt.” Centuries later, the second case was reported by Harbitz in 1918 and 
was named PAM by Puhr in 1933 [72–74]. More than 1000 cases have been reported 
worldwide, and the most reports come from Japan; approximately 120 cases have 
been reported in the past 60 years [74].

8.4.2  �Diagnosis

PAM may affect people of any age, ranging from early childhood to advanced age. 
However, affected individuals usually become symptomatic in the third or fourth 
decade of life.

Radiologically, a remarkable diffuse fine granular shade as a composite image of 
shadows by many microliths is observed in the chest X-ray, namely, exhibiting a 
snowstorm or sandstorm appearance (Fig. 8.9a). Chest CT images show character-
istic image findings, such as calcification along the pleura, intralobular septum, and 
bronchovascular bundle, which sometimes develops partially fusible calcification 
(Fig. 8.9b).

Generally, the clinical symptoms are milder than indicated by the appearance of 
chest X-rays and CT images. Most of the reported cases are found during health 

a b

c

Fig. 8.9  Chest X-ray, CT scan of the lung, and autopsy in a patient with PAM (Provided by Dr. 
Torahiko Jinta, St. Luku Hospital, Nihon Kokyuuki Gakkaishi 2012;1:267–272)
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checkups or checkups of family members of affected patients and are diagnosed by 
radiology and family history.

Histologically, PAM is characterized by the presence of microliths and alveolitis 
with a layered structure inside the alveoli (Fig. 8.9c) in samples from transbronchial 
lung biopsy, surgical biopsy, necropsy, bronchoalveolar lavage, and so on.

8.4.3  �Extrapulmonary Manifestations

The SLC34A2 gene is also expressed in the mammary glands, small intestine, kid-
neys, pancreas, ovaries, liver, testes, placenta, and prostate [71]. As a consequence, 
extrapulmonary calcifications can occur, including medullary nephrocalcinosis, 
nephrolithiasis, cholelithiasis, calcification of the lumbar sympathetic chain, and 
testicular involvement. A total of 34 cardiac complications, such as aortic and mitral 
valve and pericardial calcifications, have been reported.

8.4.4  �Genetic Aspects and Relevance

In patients with PAM, there are findings consistent with autosomal recessive inheri-
tance, such as a high frequency of consanguineous marriage, high-rate horizontal 
transfer, accumulation in marriage between relatives, and identical occurrence 
between men and women.

In recent years, two groups, Hagiwara et al. (Japan) and Corut et al. (Turkey), 
reported that inactivating mutations are present in the solute carrier family 34 
member 2 (SLC34A2) gene, which encodes the Ilb-type sodium-dependent phos-
phoryl transport protein [75–76]. Alveolar type II cells produce pulmonary surfac-
tant, of which phospholipids are essential constituents. Outdated surfactant is taken 
up by type II cells for recycling and degradation and by alveolar macrophages for 
degradation. Degraded phospholipids release phosphate that should be cleared 
from the alveolar space [77]. Huqun et  al. showed that SLC34A2 was highly 
expressed in type II cells, and treatment with the proteins that had the mutations 
observed in the patients abolished the normal transporter function, as observed in 
the results of the microinjection assay in Xenopus oocytes [76]. Therefore, the 
dysfunction of SLC34A2 in type II cells may reduce the clearance of phosphorus 
ions from the alveolar space and lead to microlith formation in the extracellular 
fluids [71].

The SLC34A2 gene is located on the short arm of chromosome 4 (4p15). It has 13 
exons; the first exon is noncoding and encodes a 2280-nt mRNA and a 690-amino 
acid protein [71]. Many researchers have described homozygous mutation in this 
gene in PAM patients. A total of 18 mutant alleles have currently been identified 
(Table 8.1). Huqun et al. calculated that the frequency of a mutant allele in the general 
population is <0.008. Regarding mutations, exon 8 and exon 12 are more commonly 
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involved. In particular, the c. 910A>T exon 8 mutation appears to be common and 
might be the screening target for Chinese patients. There appears to be a high preva-
lence of PAM disease in some populations, including Turks and Italians [74].

8.4.5  �Treatment and Management

PAM has been diagnosed in patients at various stages of life, and the disease has a 
long and progressive course that results in the deterioration of lung function [87]. 
However, to date, there is no medical or gene therapy for the management of patients 
with PAM. Systemic corticosteroids, calcium-chelating agents, and serial broncho-
pulmonary lavage have been shown to be ineffective. Based on the analyses of case 

Table 8.1  SLC34A2 mutations reported in the patients with PAM

Location Mutation
Effect of 
translation

Predicted 
consequence on 
protein References

Promoter 
exon 1

c.[-6773_-6588del] – Not synthesized Corut et al. [75]

Exon 2 insT (not specified) Frameshift Truncation Dogan (2010) [78]
Exon 2–6 5.5 Kb deletion Intragenetic 

deletion
Truncation Ishihara (2008) 

[79]
Exon 3 c.212-

224delACCTACCCACTCT
p.A71IfsX25 Truncation Vismara (2015) 

[80]
Exon 3 c.114delA Frameshift Truncation Corut et al. [75]
Exon 3 c.226C→T p.Q76X Truncation Corut et al. [75]
Exon 4 c.316G→C p.G106R Substitution Corut et al. [75], 

Özbudak  
et al. [81]

Exon 6 c.575C>A p.T192K Substitution Ma (2014) [82]
Exon 7 insdel857-871 Splicing 

failure
Truncation Huqun et al. [76]

Exon 8 c.910A>T Premature stop 
codon

Truncation Wang (2014) [83]

Intron 9 c.1048+1G>A Splicing 
failure

Truncation Huqun et al. [76]

Exon 11 c.1328delT Frameshift Truncation Corut et al. [75]
Exon 12 c.1342delG p.V448X Truncation Corut et al. [75]
Exon 12 c.1363T>C p.Y455H Substitution Wang (2014) [83]
Exon 12 c.1390G>C p.G464R Substitution Izumi (2017) [84]
Exon 12 c.1393-1404delACC Threonine 

deletion
Aberrant Jönsson (2012) 

[85]
Exon 12 c.1402-1404delACC Threonine 

deletion
Aberrant Jönsson (2012) 

[85]
Exon 12 c.1456C>T G46Term Truncation Proesmans 

(2012) [86]
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series and experiences, lung transplantation remains the only possible treatment for 
patients with end-stage disease. Since PAM involves the dysregulation of phospho-
rus metabolism, a treatment strategy may target the reduction of the phosphorus ion 
concentration in the alveolar space [74, 76, 88, 89].
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Chapter 9
Pulmonary Vascular Diseases: Pulmonary 
Hypertension and HHT—What Are 
the Roles of Genetic Factors 
in the Pathogenesis of Pulmonary  
Vascular Diseases?

Toshihiko Sugiura and Koichiro Tatsumi

Abstract  Heritable pulmonary arterial hypertension (HPAH) and hereditary 
hemorrhagic telangiectasia (HHT) are rare diseases with autosomal dominant inher-
itance. HHT is often found to be the underlying cause of pulmonary arteriovenous 
malformations (PAVMs). Mutations in BMPR2, ACVRLK1, ENG, SMAD9, CAV1, 
and KCNK3 have been identified in cases of HPAH. Mutations in ACVRLK1, ENG, 
and SMAD4 have been identified in cases of HHT.  The average penetrance of 
BMPR2 mutations is only 30% in HPAH.  In contrast, the average penetrance of 
ACVRLK1 and ENG mutations is almost 100% in HHT, but the affected organs 
often differ within the family. It is likely that there are additional genes and genetic/
epigenetic or environmental modifiers such as hormones, inflammation, hypoxia, 
medications/drugs, or infections that play important roles to form phenotypes in 
HPAH and HHT.  Further research is required to fully elucidate these potential 
mechanisms.
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9.1  �Introduction

9.1.1  �Pulmonary Hypertension (PH)

Pulmonary hypertension (PH) is defined by a mean pulmonary artery pressure of 
≥25 mmHg at rest, as measured by right heart catheterization [1]. Recently, PH has 
been classified into five groups according to its cause: pulmonary arterial hyperten-
sion (PAH) (Group 1), PH due to left heart disease (Group 2), PH due to chronic 
lung disease and/or hypoxia (Group 3), chronic thromboembolic PH (Group 4), and 
PH due to unclear multifactorial mechanisms (Group 5) [2].

9.1.2  �Pulmonary Arterial Hypertension (PAH)

PAH is an uncommon condition characterized by excessive pulmonary vasocon-
striction, abnormal vascular remodeling (including medial hypertrophy, intimal 
fibrosis, and adventitial proliferation), and obliteration of small pulmonary arteri-
oles. PAH has a poor prognosis and leads to right ventricular overload associated 
with severe right-sided heart failure [3]. The male-to-female ratio of PAH is 1:1.7, 
and it commonly occurs at the relatively young people with mean age of 36 years. 
PAH has a prevalence of 1–2 cases per million persons. In the past, PAH had a poor 
prognosis; however, advances in treatment, mainly novel pulmonary vasodilators, 
have improved the prognosis dramatically [4].

9.1.3  �Heritable Pulmonary Arterial Hypertension (HPAH)

Familial cases of PAH were recognized in 1954 [5]. Before the availability of 
modern genetic tools, examination of family trees showed that heritable PAH is an 
autosomal dominant disease with incomplete penetrance. Previous studies reported 
that 6–8% of all PAH cases were familial [6].

In 2000, linkage analysis of PAH families and analysis of candidate genes identi-
fied mutations in the bone morphogenetic protein receptor type II gene (BMPR2) as 
a predisposition of heritable PAH [7]. Subsequently, other culprit genes such as 
ACVRLK1 [8], ENG [9], and SMAD9 [10] were also identified. Furthermore, begin-
ning in 2010, whole exome sequencing using next-generation sequencing tech-
niques led to the identification of more genes, such as CAV1 [11] and KCNK3 [12]. 
All identified genes exhibit an autosomal dominant inheritance pattern. Based on 
the results of these studies, PAH cases with the expression of culprit genes and a 
clear pattern of familial onset are now diagnosed as heritable PAH (HPAH). 
Mutations in BMPR2 are detected in 75% of HPAH cases, whereas other genes are 
detected in <1% of all cases [13, 14].
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9.1.4  �Hereditary Hemorrhagic Telangiectasia (HHT)

Hereditary hemorrhagic telangiectasia (HHT) is a genetic systemic vascular disease 
characterized by recurrent epistaxis, cutaneous telangiectasia, and arteriovenous 
malformations (AVMs) that affect many organs including the lungs. According to 
the Curaçao criteria, a definitive diagnosis of this disease requires at least three of 
the four following features: spontaneous and recurrent epistaxis, telangiectasia, vis-
ceral AVMs, and a positive family history. HHT shows primarily dominant autoso-
mal hereditary transmission with an estimated prevalence of 1 in 6000 [15].

For respirologists, HHT is often found to be the underlying cause of pulmonary 
arteriovenous malformations (PAVMs). PAVMs affect no more than 50% of all 
HHT patients. PAVMs provide direct capillary-free communications between the 
pulmonary and systemic circulations, which causes a right-to-left shunt in the 
lungs. The major consequences of PAVMs are paradoxical emboli and hypoxemia. 
Furthermore, a ruptured fistula can lead to expectoration of the blood and 
hemothorax [16].

About 8% of HHT patients develop PH. It is usually secondary to high cardiac 
output caused by visceral AVMs and to portal hypertension in association with liver 
vascular malformations. PAH is rarely observed in HHT patients [17].

The culprit genes for HHT have been identified as ACVRLK1 [18], ENG [9], and 
SMAD4 [19]; all of these show an autosomal dominant inheritance pattern.

9.2  �Genetics of HPAH and HHT

9.2.1  �BMPR2

BMPR-II, which is encoded by BMPR2, is a receptor of the bone morphogenetic 
protein (BMP) family, which performs an important function in angiogenesis [7]. 
This receptor is a member of the transforming growth factor (TGF)-β superfamily. 
After ligand binding, BMPR-II binds to and phosphorylates a type I receptor. The 
activated type I receptor then transmits the BMP signal to cells by phosphorylating 
downstream SMAD1/5/8, which is involved in regulating the expression of 
target genes.

The BMP signal plays an important role in the formation and maintenance of 
blood vessels and can suppress differentiation, proliferation, and apoptosis of vas-
cular endothelial cells; it can also restrict the proliferation of vascular smooth mus-
cle cells. Consequently, its action is directly opposite to that of the TGF-β signal. As 
a result, when the action of BMPR-II is attenuated due to mutations in BMPR2, the 
TGF-β signal is activated due to a reduction in the BMP signal, resulting in the 
apoptosis of vascular endothelial cells. Some remaining apoptosis-resistant cells 
become highly proliferative due to phenotypic transformation, and these can cause 
occlusion of the lumen if they proliferate in a disorderly manner. Furthermore, as 
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the inhibitory effect on vascular smooth muscle cells is lost, the vascular intima 
thickens. These mechanisms result in stenotic and plexiform lesions in the pulmo-
nary artery [20, 21].

To date, 390 different BMPR2 mutations have been identified. These are all loss-
of-function mutations and include nonsense, missense, splicing, and frameshift 
mutations and deletions or rearrangements affecting one or more exons or the entire 
BMPR2 gene [22].

9.2.2  �ACVRLK1 and ENG

ALK-I, which is encoded by ACVRLK1, is a TGF-β signal receptor. In the presence 
of endoglin, which is encoded by ENG, ALK-I undergoes phosphorylation, and the 
activated ALK-I transmits the BMP signal to cells by phosphorylating downstream 
SMAD1/5, which is involved in the regulation of target gene expression. All genetic 
abnormalities cause reductions in the TGF-β signal leading to functional disorders 
of vascular endothelial cells and weakening of the vascular structure, although the 
mechanisms involved remain unknown. This suggests that such genetic abnormali-
ties can result in a variety of vascular lesions throughout the body. Interestingly, 
when ALK-I converts BMPR-II to a type II receptor through the BMP9 ligand, the 
downstream signal is SMAD1/5/8, which transmits the BMP signal. This may be 
the reason why mutations in ACVRLK1 and ENG cause HPAH [23].

SMAD9, which is encoded by SMAD9, functions to positively regulate the signal 
transmission of BMP. However, as only a few cases of PAH have been reported to 
have mutations in SMAD9, the relationship between such mutations and patient 
symptoms remains unclear at the present time [10].

9.2.3  �CAV1

CAV1 encodes the caveolon1 branch, which functions as a lipid raft on cell mem-
branes. In the lungs, this is expressed in alveolar epithelial cells and pulmonary 
vascular endothelial cells. PAH patients experience reduced expression of CAV1 in 
pulmonary arterial endothelial cells [24], and CAV1-deficient rat models have long 
been known to suffer from PAH-related complications [25]. However, as only a few 
cases of PAH have been reported to possess CAV1 mutations, the relationship 
between this mutation and clinical symptoms remains unclear at the present time.

9.2.4  �KCNK3

KCNK3 is a gene that encodes TASK-1, which is a pH-sensitive potassium channel. 
TASK-1 forms a variety of cellular resting membrane potentials, including those of 
pulmonary arterial smooth muscle cells. TASK-1 is also involved in the regulation 
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of pulmonary vascular tone via the regulation of membrane resistance. TASK-1 has 
also been suggested to be involved in the regulation of pulmonary vascular remodel-
ing and apoptosis [12].

9.3  �Genetic Mutations and Clinical Disease Type

9.3.1  �HPAH

PAH is usually diagnosed at a younger age and is associated with more serious 
hemodynamic compromise at the time of diagnosis in patients with than without 
BMPR2 mutations. Moreover, the incidence of serious events such as death 
and lung transplantation in PAH patients <50 years old is higher in those patients 
with than without BMPR2 mutations [26]. However, treatment with recently 
developed drugs has improved the prognosis of PAH patients with BMPR2 
mutations [27].

PAH patients with ACVRLK1 mutations are younger at the time of diagnosis than 
patients with BMPR2 mutations and noncarriers of a PAH-causing mutation. In the 
majority of patients with ACVRLK1 mutations, the diagnosis of PAH precedes clini-
cal manifestations of HHT. Despite more normal pulmonary hemodynamics at the 
time of presentation, ACVRLK1 mutation carriers have a worse survival, suggesting 
either a poor response to PAH therapy or more rapid disease progression [28].

9.3.2  �HHT

Cases of HHT with ENG mutations are known as HHT1, whereas those with 
ACVRLK1 mutations are known as HHT2. HHT1 is more commonly complicated 
by lung and brain AVMs, whereas liver AVMs are more common in HHT2. 
Telangiectasia of the mucosa of the nose and mouth commonly accompanies 
HHT1 in younger patients [29].

9.4  �Conclusion

The average penetrance of BMPR2 mutations is only 30% in HPAH [7]. In contrast, 
the average penetrance of ACVRLK1 and ENG mutations is almost 100% in HHT 
[17]. However, the affected organs often differ in the family, so that identical genes 
must be involved. Collectively, there are probably additional genes and genetic and 
environmental modifiers such as hormones, inflammation, hypoxia, medications/
drugs, or infections that play important roles in HPAH and HHT. Further research is 
required to fully elucidate these potential mechanisms. Understanding the genetic 
etiology of PAH and HHT should facilitate better diagnosis and the development of 
novel therapies in the future.
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Chapter 10
Mycobacterial Infection: TB and NTM—
What Are the Roles of Genetic Factors 
in the Pathogenesis of Mycobacterial 
Infection?

Kazuko Yamamoto and Hiroshi Mukae

Abstract  Human lung infections due to Mycobacterium tuberculosis have had a 
major impact on society. Nontuberculous mycobacterial infections have recently 
increased especially in developed countries and now being more prevalent than 
tuberculosis. Severe mycobacterial disease is mostly confined to patients who are 
immunocompromised either by acquired or inherited causes. Genetic aberrations in 
pathways critical for host defense against mycobacteria—which involve functional 
interleukin 12/interferon γ and the integrity of macrophages that modulate T lym-
phocytes—can lead to disseminated and fatal mycobacterial disease ranging from 
early-onset systemic infection to adult-onset localized disease, with clinical out-
come dependent on the extent to which host genes are depleted and the pattern of 
inheritance. In addition, polymorphisms in genes encoding receptors and cytokines 
involved in innate immunity and host defense against mycobacteria are linked to 
mycobacterial disease susceptibility. The elucidation of genetic factors underlying 
mycobacterial disease can reveal the contribution of specific genes to immunologi-
cal processes essential for the pathogenesis and control of mycobacterial infections 
in humans.

Keywords  Mycobacteria · Tuberculosis · Gene · MSMD · Polymorphism

10.1  �Introduction

Studies published over 50 years indicate that host genetic factors play an important 
role in determining susceptibility to and severity of infectious diseases. Tuberculosis 
(TB), which is caused by Mycobacterium tuberculosis (Mtb) infection, remains a 
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major cause of morbidity and mortality worldwide [1]. Approximately one-third of 
the world’s population is infected with Mtb, with 10% developing clinical disease. 
Nontuberculous mycobacteria (NTM) are ubiquitous in soil, water, and man-made 
environments. Infectious diseases caused by NTM are increasing worldwide and are 
now more prevalent than TB in developed countries [2, 3].

Widespread mycobacterial infection of the human population over a long period 
of time creates evolutionary pressure in interactions between host and pathogen 
genomes. Mycobacterial diseases have been extensively analyzed from a human 
genetics point of view using various approaches such as case-control studies, candi-
date gene approaches, and family-based, genome-wide linkage analyses. Natural 
immunity to mycobacteria depends on the interleukin (IL)12/interferon (IFN)γ sig-
naling pathway, which links myeloid cells (monocytes, macrophages, and dendritic 
cells [DCs]) to lymphoid cells (T cells and natural killer [NK] cells). Deficiencies 
and/or mutations in genes encoding components of this pathway are the major 
causes of genetic mycobacterial diseases, especially those caused by inherited 
inborn or childhood errors of immunity. Polymorphisms in host innate immunity 
genes have also been investigated, especially macrophage receptors involved in TB 
pathogenesis. This chapter describes recent findings on human genetic susceptibil-
ity to Mtb and/or NTM.

10.2  �Mendelian Susceptibility to Mycobacterial  
Disease (MSMD)

MSMD is a rare congenital syndrome caused by genetic defects in the mononuclear 
phagocyte/T helper cell type 1 (Th1) pathway. MSMD patients have increased sus-
ceptibility to systemic infections by weakly virulent mycobacteria such as Bacillus 
Calmette-Guerin (BCG) vaccine strain and NTM. Mycobacterial disease generally 
begins in childhood and has diverse phenotypes ranging from localized to dissemi-
nated infection by single or multiple mycobacterial species that may or may not 
recur. Affected individuals are also vulnerable to the more virulent Mtb, and about 
half of patients also experience systemic salmonellosis, which is typically non-
typhoidal and caused by Salmonella spp. Other severe infections can also occur—
usually in single patients—that are caused by intracellular bacteria such as Nocardia 
and Listeria spp., intracellular fungi such as Histoplasma and Coccidioides spp., 
intracellular parasites such as Leishmania spp., and certain viruses. MSMD-causing 
mutations have been identified in seven autosomal genes (IFNγ ligand-binding 
chain [IFNGR1], IFNγ receptor signal-transducing chain [IFNGR2], Signal trans-
ducer and activator of transcription [STAT]1, IL12B, IL12 receptor subunit beta 
[IL12RB]1, Interferon regulatory factor [IRF]8, and Interferon-stimulated gene 
[ISG]15) and two X-linked MSMD genes (Nuclear factor kappa B essential modu-
lator [NEMO] and Cytochrome B-245 beta chain [CYBB]) that are expressed in 
recessive, dominant, and haploinsufficient forms (Table 10.1 and Fig. 10.1). Three 
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of the autosomal genes (IL12B, IL12RB1, and ISG15) are implicated in the control 
of IFNγ production, while four (IFNGR1, IFNGR2, STAT1, and IRF8) are associ-
ated with IFNγ responsiveness. IFNGR1 or IL12RB1 deficiency is the most com-
mon cause of MSMD, accounting for almost 80% of all genetically diagnosed cases 
(Fig.  10.1). Immune deficiency is more severe in patients who completely lack 
IFNGR1 as compared to those with partial IFNGR1 or other gene deficiencies.

10.2.1  �IFNGR Deficiency

IFNγ is critical for the immune response to mycobacterial infections, and defects in 
IFNγ production and response are associated with severe NTM infections. Mutations 
in IFNGR1 and IFNGR2 encoding IFNGR subunits can manifest as autosomal 
recessive (AR), or autosomal dominant (AD) mutations that can be subdivided into 
complete or partial forms. The first genetic cause of MSMD was discovered in 1996 
as bi-allelic null mutations in the IFNGR1 gene underlying AR complete IFNGR1 

IL12RB1 44%

IL12B (IL12p40) 12%IFNGR1 AR complete 8%

IFNGR1 AR partial 4%

IFNGR1 AD partial 17%

IFNGR2 AR complete 3%

IFNGR2 AR partial 1%

IFNGR2 AD partial 1%

ISG15 1%

gp91phox 2%

NEMO 2%

STAT1 4%

IRF8 1%

Fig. 10.1  Distribution of genetic disorders among MSMD patients with known etiologies. Genetic 
defects observed in MSMD patients with known mutations are shown. The proportions of AR 
(autosomal recessive) and AD (autosomal dominant) defects in autosomal genes (IFNGR1, 
IFNGR2, STAT1, IRF8, IL12B, IL12RB1 and ISG15) and X-linked recessive (XR) genes (NEMO 
and CYBB) are indicated
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deficiency [4, 5]. A total of 142 patients have been reported to harbor IFNGR1 
mutation and 27 have IFNGR2 mutation worldwide (https:grenada.lumc.nl/LOVD2/
mendelian_genes/status, Sep 2017).

AR complete IFNGR1 or IFNGR2 deficiency is typically associated with severe 
disseminated mycobacterial disease in infancy or early childhood (before 3 years of 
age) and is caused by BCG and/or weakly virulent environmental NTM such as M. 
chelonae, M. fortuitum, M. mageritense, M. peregrinum, M. smegmatis, and M. 
scrofulaceum [6] [7–9]. To date, 36 patients with 25 different variant mutations of 
AR complete IFNGR1 deficiency and 13 patients with AR complete IFNGR2 defi-
ciency have been described [10, 11]. Compared to AD disease, AR complete 
IFNGR1 deficiency is associated with more frequent mycobacterial disease epi-
sodes (a mean of 19 per person-years), greater dissemination (a mean of 4 affected 
organs per infection), and shorter disease-free intervals (a mean of 1.6 years) [6]. A 
typical histopathological feature in patients with AR complete IFNGR2 deficiency 
is loss of granuloma formation [6]. Salmonellosis is less frequent (around 15%) 
compared to the IL12 receptor or ligand deficiency; however, the phenotype also 
includes increased susceptibility to cytomegalovirus, respiratory syncytial virus 
(RSV), varicella-zoster virus (VZV), and Listeria monocytogenes [12–14]. AR 
defects in IFNGR1 or IFNGR2 lead to complete loss of IFNGR protein expression 
[5, 15]. Over 50% of children with AR complete IFNGR1 or IFNGR2 deficiency die 
before 10 years of age as a result of severe and disseminated NTM infection and/or 
life-threatening infection by BCG [6, 16]. Cytokine replacement therapy has limited 
efficacy due to the lack of receptors, and the only curative treatment is hematopoi-
etic stem cell transplantation (HSCT). However, it has a fairly low success rate 
because of fatal graft-versus-host disease and severe complications and generalized 
granulomatous response and bacterial sepsis [16]. Thus, patients with AR complete 
IFNGR1 or IFNGR2 deficiency have poor prognosis (58% and 33%, respectively, 
including deaths after HSCT) [16–19].

Rare AR partial defects in both IFNGR1 and IFNGR2—in which IFNγ transduc-
tion is impaired but not abolished—have also been identified. In these patients, 
IFNGR is expressed on the cell surface but the response to IFNγ is diminished. A 
total of 15 cases of AR partial IFNGR1 deficiency have been recorded in the Canary 
Islands, Portugal, Poland, and Chile, and 6 patients with AR partial IFNGR2 defi-
ciency were identified in Saudi Arabia, Israel, Mexico, Turkey, and France. Three of 
these 21 patients (14.2%) have died [11]. The disease typically presents in late 
childhood or even early adulthood and is usually less severe than AR complete dis-
ease but is nonetheless associated with disseminated mycobacterial infections. 
HSCT is not indicated, but treatment with antibiotics and IFNγ is necessary to con-
trol the infection [20].

AD partial IFNGR1 deficiency has been described in 68 patients and is thus more 
common than AR complete deficiency [11]. The clinical presentation of this form is 
usually in late childhood or in adolescence, with a mean age of disease onset of 
13.4 years. The typical presentation is mild, with fewer organs involved, good treat-
ment response, less recurrence, and better survival; indeed, only 1.5% of cases 
result in death [6]. Patients are susceptible to BCG and NTM, which can in most 
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cases be controlled by prolonged treatment with antibiotics with or without recom-
binant IFNγ. Histologically, more mature-looking granulomas similar to those seen 
in patients with AR partial IFNGR1 deficiency are observed. Approximately 80% of 
patients with AD partial IFNGR1 deficiency develop multifocal NTM osteomyelitis 
with almost no other sites of mycobacterial disease [6], which has become the hall-
mark of this genotype. Salmonella infection is rare (5%) [6]; other associated patho-
gens include Coccidioides spp. [21], Histoplasma capsulatum [22], and VZV [23]. 
The clinical penetrance of AD IFNGR2 deficiency is very low, being confined to 
two affected siblings in a single family. The only treatment for symptomatic indi-
viduals is curative antibiotic administration [11].

10.2.2  �IL12RB1 and IL12p40 Deficiency

IL12RB1 and IL12B encode the β1 chain and the p40 subunit, respectively, of the 
IL12 and IL23 receptors. Mutations in IL12RB1, which have been reported in over 
220 patients worldwide (https:grenada.lumc.nl/LOVD2/mendelian_genes/status, 
Sep 2017), are the most common genetic cause of MSMD [24]. The combination of 
IL12RB1 and IL12RB2 is required for high-affinity IL12 binding and signaling. 
Patients with IL12RB1 mutations present disseminated non-typhoidal salmonellosis 
and NTM infections or disseminated BCG infection following inoculation with the 
vaccine. In these patients, IFNγ secretion by otherwise healthy T cells and NK cells 
is impaired as a result of defective IL12R signaling. Clinical symptoms of patients 
with IL12RB1 deficiency typically manifest in early childhood (around 2.4 years of 
age) and are most frequently caused by BCG (64%) [24]. The mortality associated 
with IL12RB1 deficiency is around 30% and is largely due to severe NTM infection 
[24]. However, recurrent NTM infections are uncommon, possibly because of pro-
tection conferred by a previous BCG episode. Non-typhoidal, extraintestinal salmo-
nellosis is the second most common infection in patients with IL12RB1 deficiency 
(43%), and importantly, Mtb [25] and Klebsiella pneumoniae are also pathogenic in 
these patients [24]. Mild chronic mucocutaneous candidiasis (CMC) is commonly 
observed (27%), whereas invasive candidiasis is rare [26]. Patients must receive 
prolonged treatment with antibiotics against mycobacteria in addition to subcutane-
ous IFNγ administration [27]. HSCT is not indicated, although the overall mortality 
of 26% suggests that this option should be considered in select cases—for instance, 
when IFNγ treatment is not feasible or when a human leukocyte antigen (HLA)-
compatible donor is available within the family [28]. Despite the large number of 
patients with AR IL12RB1 deficiency, none with AR complete IL12RB2 deficiency 
have yet been identified with MSMD.

The IL12p40 gene mutation was the first inherited cytokine defect to be identified 
[29]; to date, 9 mutations in 50 patients from 5 countries (India, Iran, Pakistan, Saudi 
Arabia, and Tunisia) have been reported [11]. AR complete IL12p40 deficiency 
appears to clinically phenocopy IL12RB1 deficiency. BCG disease frequently occurs 
after vaccination, and infections caused by Mtb and NTM have also been reported 
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[30]. Salmonellosis occurred in 25% of patients and was often recurrent (36%) [31]. 
Other infections caused by various pathogens including fungi (Candida spp.) and 
bacteria (Klebsiella and Nocardia spp.) have been reported. The clinical penetrance 
of IL12p40 deficiency can reach 50% before the age of 12 months. The mortality 
rate in the largest series was 32% in symptomatic patients, with a mean age at the 
time of death of 7 years [24]. HSCT is not indicated in most cases, and patients are 
treated with antibiotics and recombinant IFNγ over a prolonged period [11].

10.2.3  �STAT1 Deficiency

STAT1 is a transcription factor downstream of the IFNγ receptor in the Janus kinase-
STAT signaling pathway (Fig. 10.2) that plays a crucial role in the signal transduc-
tion of type I (IFNα/β), type II (IFNγ), and type III (IFNλ) IFNs. Following IFNγ 
stimulation, STAT1 is phospholylated and homodimerized to form γ-activating fac-
tor (GAF) (Fig.  10.2). STAT1 deficiency varies in terms of severity and clinical 
presentation depending on whether the mutation is complete or partial and its effects 
on protein expression and function. Heterozygous loss-of-function (LOF) mutations 
in STAT1 lead to impaired but not fully abolished responses to IFNγ, while 
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homozygous mutations lead to partial or complete STAT1 deficiency. Gain-of-
function (GOF) mutations can cause CMC [32], disseminated fungal infections 
[33], and NTM infections.

Patients with AR complete STAT1 deficiency caused by bialleic STAT1 LOF 
present a rare, life-threatening immunodeficiency that leads to increased suscepti-
bility to both mycobacterial and viral infections [34]. Three unrelated patients with 
complete AR STAT1 deficiency have been reported; all had disseminated BCG 
vaccine-related infection and died in infancy due to severe viral infection, including 
herpes simplex virus (HSV) and Epstein-Barr virus [34].

In contrast, AR partial STAT1 deficiency has been associated with severe but 
curable intracellular bacterial and viral infections. This form is caused by a hypo-
morphic missense mutation that leads to impaired splicing of STAT1 mRNA, which 
is not translated into a stable protein, resulting in low levels of functional STAT1 
[35]. Two siblings identified with this defect both had recurrent and disseminated 
salmonellosis. Other reported manifestations include recurrent HSV and RSV 
infections and hepatosplenic mycobacterial disease [35].

AD STAT1 deficiency, which has been described in two unrelated individuals, 
arises from a heterozygous point mutation in the STAT1 gene [36]. STAT1 LOF 
mutations predispose patients to mycobacterial infections due to selective impair-
ment of the IFNγ-STAT1-GAF pathway, resulting in a mild clinical phenotype. 
Since the cellular response to IFNα/β in these patients is maintained, severe viral 
infections are rarely seen. Patients with AD partial STAT1 GOF mutations predomi-
nantly exhibit CMC and have a much broader phenotype than those with LOF muta-
tions that can range from recurrent infections by NTM, fungi, and John Cunningham 
virus (progressive multifocal leukoencephalopathy) [37]. Antibiotics and supple-
mental IFNγ are effective treatments.

10.2.4  �IRF8 Deficiency

IRF8 is one of the nine members of the IRF family of transcription factors. Human 
IRF8 is present in mononuclear phagocytes that regulate the expression of IFNα and 
IFNβ response genes (Fig. 10.2) and is crucial for their ontogeny, maturation, and 
production of IL12 in response to IFNγ, which mediates protection against myco-
bacteria [38]. Two types of IRF8 deficiency have been reported. AR complete IRF8 
deficiency leads to a total absence of circulating monocytes and DCs; one patient 
with a K108E mutation presented with disseminated BCG disease, oral candidiasis, 
severe respiratory infections in early infancy, and myeloproliferative syndrome 
necessitating HSCT [39]. The milder AD partial form of IRF8 deficiency causes 
selective depletion of circulating DCs. This genotype was observed in two unrelated 
patients carrying the same mono-allelic mutation (T80A) of IRF8 who had dissemi-
nated BCG disease in early childhood. IFNγ does not appear to be required and 
HSCT is not indicated [39].
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10.2.5  �ISG15 Deficiency

ISG15 is an intracellular ubiquitin-like molecule that stimulates the production of 
IFNγ by T and NK cells [40] (Fig. 10.2). Three patients from two consanguineous 
families and three unrelated patients have been reported with AR complete ISG15 
deficiency. The clinical phenotype is similar to that of IL12p40 or IL12RB1 defi-
ciency and develops into disseminated mycobacterial diseases after BCG vaccina-
tion, but the infections are resolved by prolonged antimycobacterial therapy [41].

10.2.6  �X-Linked Mendelian Susceptibility  
to Mycobacterial Disease

10.2.6.1  �NEMO Deficiency

Outside of the IFNγ pathway, nuclear factor kappa (NFκ)B is a transcription factor 
that regulates a large number of genes with roles in immune and inflammatory 
responses. NFκB also regulates the development of tissues such as the skin, hair, 
and teeth. Its activity is partly controlled by NFκB inhibitor molecules including 
inhibitor (I)κB. NFκB is active when IκB is degraded upon phosphorylation by IκB 
kinase, which is an α/β/γ heterotrimer (also called NEMO) [42]. To date, six patients 
with hypomorphic mutations in NEMO have been reported as MSMD cases [43]. 
Complete deficiency in NEMO leads to incontinentia pigmenti in girls, which is 
usually prenatally lethal in males. Partial deficiency confers phenotypes ranging 
from anhidrotic ectodermal dysplasia with immunodeficiency to osteoporosis and 
lymphedema [44]. Increased susceptibility to a wide range of pathogens (NTM, 
encapsulated bacteria, some herpes viruses, and Pneumocystis jirovecii) has been 
observed, but most patients suffer from invasive pneumococcal disease [45]. 
Prognosis differs among patients, who may benefit from both antibiotics and IFNγ 
treatment [28].

10.2.6.2  �CYBB Deficiency

CYBB (also known as gp91phox or NADPH oxidase [NOX]2) is an essential IFNγ-
inducible component of the NADPH oxidase complex that is strongly expressed in 
all phagocytic cells (Fig. 10.2). Seven males from two French families have been 
reported with two discrete mutations in CYBB (Q231P and T178P), which is the 
X-linked form of MSMD [46]. The normal respiratory burst by phagocytes, which 
produces reactive oxygen species that kill microorganisms, was impaired in patients 
due to a lack of NOX activity; these patients presented with recurrent or dissemi-
nated TB and BCG disease [46], and unlike those with CYBB-mutated chronic gran-
ulomatous disease (CGD), they more frequently experienced recurrent fungal and 
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bacterial infections—especially of Staphylococcus spp. and Aspergillus spp.—as 
well as granuloma formation. The discrepancy in the infectious phenotype between 
CYBB-mutated MSMD and CGD patients may be explained by the impairment of 
the oxidative burst in macrophages but not in neutrophils and monocytes [47].

10.2.6.3  �GATA-Binding Protein (GATA)2 Deficiency

GATA2 is a hematopoietic transcription factor activated at the early stage of 
myeloid development. GATA2 haploinsufficiency causes a wide range of clinical 
manifestations and is considered as a bone marrow failure/infection susceptibility 
defect. GATA2 deficiency most often leads to monocytopenia and mycobacterial 
disease (MonoMAC), which is characterized by late-childhood or adult-onset dis-
seminated NTM or fungal disease [48]. A decrease in or absence of circulating 
monocytes, DCs, NK cells, and B cells characterizes the hemograms of patients 
with GATA2 mutation. Other infections observed in this syndrome include human 
papillomavirus infection, disseminated histoplasmosis, cryptococcal meningitis, 
invasive aspergillosis, and severe Clostridium difficile infection [49]. Noninfectious 
conditions including pulmonary alveolar proteinosis, erythema nodosum, and 
lymphedema also occur. Progression to aplastic anemia, hypoplastic myelodys-
plastic syndrome, or acute myeloid leukemia is a serious complication of GATA2 
deficiency [49]. HSCT has been successfully performed in several of these 
patients [50].

10.3  �Genetic Polymorphisms and Mycobacterial Disease

Although mutations in these rare Mendelian susceptibility genes highlight the 
importance of IFNγ signaling in mycobacterial immunity, they cannot explain sus-
ceptibility to mycobacteria in the larger population. Polymorphisms—which are 
defined as genetic variations occurring in more than 1% of the population—are 
sufficiently common to contribute to the risk of mycobacterial infection at the 
population level. The immune response to mycobacteria is regulated by interac-
tions between lymphocytes or antigen-presenting cells and the cytokines secreted 
by these cell types, and immunogenetics studies have revealed that polymorphisms 
in genes implicated in innate immunity increase susceptibility to mycobacterial 
infection. Although cytokines exhibit a low degree of genetic variation, an increas-
ing number of association studies have shown that polymorphisms located in pro-
moter regions of cytokine genes influence susceptibility to infectious diseases. 
Mutations in these genes may alter transcription factor recognition sites and 
thereby affect transcriptional activation and cytokine production. Representative 
polymorphisms in gene encoding cytokines and their receptors are presented in 
Table 10.2.
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10.3.1  �Pattern Recognition Receptors (PRRs)

One of the first lines of immune defense is the recognition and uptake of microor-
ganisms by professional phagocytes—i.e., macrophages and DCs. Macrophage 
PRRs and phagocytic receptors include cell membrane-bound receptors such as the 
mannose receptor (MR)C1 (also known as cluster of differentiation [CD]206), 
DC-specific ICAM3-grabbing nonintegrin (DC-SIGN, also known as CD209), toll-
like receptors (TLRs), and the vitamin D nuclear receptor (VDR); soluble C-type 
lectins (CTLs) such as surfactant protein (SP)-A, SP-D, and mannose-binding lectin 
(MBL); phagocyte cytokines such as tumor necrosis factor (TNF)α; and chemo-
kines such as monocyte chemoattractant protein (MCP)1 (also known as chemokine 
[C-C motif] ligand [CCL]2). Polymorphisms in these genes have been linked to 
susceptibility to Mtb in different populations.

Table 10.2  Representative gane polymorphisms related to mycobacterial disease

Gene Polymorphism(s) Population(s)

MRC1 1186G/A(exon) China
DC-SIGN −336G/A (promoter), −871G/A 

(promoter)
South Africa, SSA, Gambia

TLR1 N248S, S602I (exon) USA (African-American), Europe 
(Caucasian)

TLR2 R753Q (exon), R677W (exon), Insertion/
deletion (promoter)

Turkey, Tunisia, Vietnam, 
Guinea-Bissau, USA (Caucasian)

TLR4 D299G Tanzania, Spain
TLR8 rs3764879, rs3788935, rs3761624, 

rs3764880 (exon)
Indonesia, Russia

TLR9 rs352143, rs574386 (exon) USA (Caucasian), USA 
(African-American)

TIRAP S180L (exon) Vietnam
CD14 −159C/T (promoter) Mexico, Korea
VDR ApaI (exon), BsmI (exon), FolkI (exon), 

TaqI (exon), FolkI-BsmI-ApaI-TaqI 
haplotype

Guinea-Bissau, China, Gambia, 
West Africa, South Africa

SP-A1 1416C/T (intron), 307G/A, 776C/T (exon) India, Ethiopia
SP-A2 1382C/G (intron), 355C/G, 751A/C 

(exon)
India, Ethiopia

MBL O allele, B allele, HYA/HYA, LYB/LYD 
haplotypes, G57E (exon)

India, USA (African-American), 
Italy, India, Ghana

TNF −238G/A (promoter), −238GG genotype, 
−308G/A (promoter)

Colombia, Iran

IFNϒ 1616A/G, 874T/A, 3234C/T (promoter) Gambia, Guinea-Bissau
IL10 −1082G/A (promoter), −1082G allele, 

−592A/C (promoter)
Cambodia, China, Turkey, Korea

IL12RB1 M365T, G278R, Q214R Japan
MCP1 (CCL2) −2518A/G (promoter), −2518GG 

genotype, −362G/C (promoter)
Zambia, Tunisia, Mexico, South 
Korea, Ghana
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10.3.1.1  �TLRs

TLRs are classified as members of the IL1R superfamily based on a shared cyto-
plasmic region known as the Toll/IL1 receptor (TIR) domain and are expressed by 
various cell types including host immune cells. TLRs stimulate the innate immune 
response to a variety of pathogens including Mtb [51]. Single nucleotide polymor-
phisms (SNPs) in TLR-encoding genes have been shown to influence interactions 
between ligands and receptors and determine susceptibility to infectious diseases 
including TB. TLRs are expressed either on the cell surface (e.g., TLR2 and TLR4) 
or intracellularly (e.g., TLR8 and TLR9) (Fig. 10.3). TLR1, TLR2, TLR4, TLR6, 
TLR9, and possibly TLR8 are involved in recognition of Mtb [52]. Evidence for 
genetic variants associated with TB is most abundant for TLR2, which functions 
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alone or as a heterodimer with either TLR1 or TLR6 (Fig. 10.3) [53]. The strong 
proinflammatory response to Mtb infection involving the TLR2 signaling pathway 
is mediated via its adaptor proteins myeloid differentiation primary response 88 and 
TIR domain-containing adaptor protein (TIRAP) [54]. This cascade leads to activa-
tion of NFκB, which induces the secretion of proinflammatory cytokines such as 
TNFα and IL12 by macrophages (Fig. 10.3).

Several polymorphisms associated with TB have been reported for different 
TLRs (Table 10.2). The TLR2 R753Q [55] and R677W [56] variants are risk factors 
for TB in Turkish and Tunisian populations, respectively. Another SNP of TLR2 
(597T/C) was found to be strongly associated with TB meningitis and miliary TB in 
Vietnam [57]. Although there are no reports of an association between the TLR4 
D299G polymorphism and pulmonary TB, this variant was shown to be a risk factor 
for TB in human immunodeficiency virus-infected patients in Tanzania and Spain 
[58, 59]. In a diversified racial study evaluating 71 SNPs in 5 TLRs (TLR1, TLR2, 
TLR4, TLR6, and TLR9), significant associations with TB were observed for 2 
variants each of TLR2 (an insertion/deletion from −196 to −174) and TLR9 in some, 
but not all, study populations [60]. In a large study of Indonesian and Russian popu-
lations, four sequence polymorphisms (rs3764879, rs3788935, rs3761624, and 
rs3764880) in the TLR8 gene on chromosome X were associated with TB suscepti-
bility in males [61]. A recent meta-analysis of 29 studies revealed an obvious 
increase in TB risk for TLR2 R753Q, TLR6 745T/T, and TLR8 rs3761624 GA geno-
types [62]. The missense variant SNP S180L (975C/T) in TIRAP was found to 
contribute to TB susceptibility, and another polymorphic variant (558C/T) of TIRAP 
was associated with TB meningitis but not pulmonary TB in Vietnam [63]. These 
results provide evidence that TLRs and their signaling partners are true mycobacte-
rial susceptibility genes; however, the functional significance of candidate muta-
tions is unknown and varies according to the specific gene and allele, making it 
difficult to assess the clinical relevance of TLR-related genetic factors.

10.3.1.2  �CD14

Efficient microbial recognition by TLR2 and TLR4 requires the activity of the co-
receptor CD14, which is a 55-kDa glycosyl phosphatidylinositol-anchored glyco-
protein expressed at the cell surface of monocytes, macrophages, and neutrophils 
[64]. A soluble form of CD14 (sCD14) produced during enzymatic cleavage of 
membrane-bound CD14 is an important acute-phase protein. CD14 interacts with 
various pathogen-associated molecular patterns, including lipopolysaccharide of 
Gram-negative bacteria and mycobacterial lipoarabinomannan (LAM). CD14 can 
also bind double-stranded RNA intracellularly and interact with TLR3 [65]. A study 
on the role of CD14 gene polymorphisms in mycobacteria-associated infection 
identified the −159C/T SNP in the CD14 gene promoter, which increased sCD14 
production and decreased IFNγ secretion. The −159T/T genotype of the CD14 gene 
reduced promoter binding and enhanced the transcriptional activity of CD14 [64]. 
A meta-analysis suggested that −159C/T polymorphism in CD14 gene was 
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associated with an increased risk of TB in Asians but not in Caucasians [66]. 
Additional studies in different populations are required to clarify the biological 
effects of the C/T SNP in the CD14 gene and its relationship to TB development.

10.3.2  �CTL Receptors (CTLRs)

CTLRs are a class of PRRs expressed in various immune cells that play an impor-
tant role in Mtb recognition. This large protein family is divided into 17 groups that 
share a CTL domain. Among soluble CTLs, the main modulators of inflammation 
are MBL and SP-A and -D.  Among transmembrane CTLs, DC-SIGN (CD209) 
and MR (CD207) are the most critical for the induction of an immune response 
against Mtb.

10.3.2.1  �MBL

MBL is a collectin family member that recognizes pathogens via a carbohydrate-
recognition domain and is an acute-phase serum protein secreted by the liver. Of the 
two human MBL genes, MBL1 is a pseudogene, whereas the functional MBL2 gene 
encodes MBL protein. By binding to Mtb, MBL acts as an opsonin, enhancing 
complement-dependent and complement-independent phagocytosis and promoting 
inflammation via the release of cytokines [67]. Four SNPs (at codons 52, 54, and 
57) in exon 1, the promoter, and 5′-untranslated regions (UTRs) of the MBL2 gene 
are associated with low or nearly absent serum MBL levels and may contribute to 
pulmonary TB susceptibility [68], although this remains controversial. Therefore, 
more work is required to clarify the relationship between MBL variants and TB.

10.3.2.2  �SP-A and -D

A lung surfactant is a complex structure of lipids (90–95%) and proteins (5–10%) 
that promotes lung expansion and reduces alveolar surface tension. Lung SPs, 
which are collagen-containing calcium-dependent lectins known as collectins, are 
structurally similar to MBL. Of the four known SPs (SP-A, -B, -C, and -D), SP-A 
and -D are predominantly expressed by alveolar type II epithelial cells and recog-
nize mycobacteria via their lectin domains while activating immune cells through 
their collagen domain to promote the uptake of pathogens by phagocytes and modu-
late the oxidative burst and intracellular bacterial killing [69]. SP-A exists as two 
highly similar isoforms encoded by separate genes (SP-A1 and SP-A2). Allelic vari-
ants of SP-A and SP-D have been shown to influence susceptibility to Mtb [70], and 
an association between intronic and exonic SP-A1/A2 SNPs and pulmonary TB has 
also been reported [64]. These polymorphisms may affect splicing and/or mRNA 
maturation, although this remains to be confirmed.

10  Mycobacterial Infection: TB and NTM—What Are the Roles of Genetic Factors



184

10.3.2.3  �DC-SIGN (CD209)

The Mtb receptor DC-SIGN (CD209) is a calcium-dependent carbohydrate-binding 
molecule that recognizes mannose-containing glycoconjugates, including those 
present in the mycobacterial cell wall. It is a type II transmembrane protein pre-
dominantly expressed by subsets of DCs and alveolar macrophages that directly 
mediates phagocytosis and interferes DC maturation. The cytoplasmic tail of 
DC-SIGN has three conserved motifs that are involved in ligand binding and recep-
tor signaling, phagocytosis, and intracellular trafficking of ligand particles [53]. 
Two polymorphisms in the DC-SIGN promoter region (−871A/G and −336A/G) 
were found to be associated with TB susceptibility. In a separate study, SNPs within 
the 5′- and 3′-UTRs of DCSIGN and DC-SIGNR—a homolog expressed in endothe-
lial cells—showed possible associations with TB, with higher genetic diversity 
observed among Africans as compared to non-Africans [71].

10.3.2.4  �MRC1 (CD206)

MRC1, also known as CD206, is a member of the CTLR family and a type I trans-
membrane protein abundantly expressed by alveolar macrophages and DCs. The 
carbohydrate recognition domain of MRC1 binds to mycobacterial mannose-N-
acetylglucosamine- and fucose-terminated glycoconjugates, lipoglycan, and 
mannose-capped lipoarabinomannan (ManLAM). The latter is a cellular component 
of Mtb, and this interaction leads to antigen presentation and elicits an immune 
response. MRC1 also promotes the phagocytosis of Mtb and serves as a molecular 
link between innate and adaptive immune responses [64]. Recent studies have 
shown that the MRC1-mediated uptake of live Mtb or ManLAM by macrophages 
leads to upregulation of the nuclear receptor peroxisome proliferator-activated 
receptor γ, which is linked to macrophage anti-inflammatory pathways. In a recent 
case-control study, six non-synonymous SNPs (1186G/A, 1195G/A, 1212T/C, 
1221C/G, 1303C/T, and 1323C/T) in exon 7 of the MRC1 gene were found to be 
associated with pulmonary TB in the Chinese population [72]. The frequency of the 
G allele and AA genotype of 1186G/A was significantly lower in pulmonary TB 
patients than in healthy controls, and a linkage disequilibrium analysis showed a 
significant correlation between GGTCCT or GGTCCC haplotypes and TB suscep-
tibility [73]. While a genetic association between MRC1 and TB is plausible, the 
causative polymorphisms and underlying molecular mechanisms have yet to be 
elucidated.

10.3.3  �Cytokines and Their Receptors

The outcome of Mtb infections depends on cytokine networks established and 
maintained by infected macrophages and T lymphocytes that coordinate the immune 
response. Polymorphisms in the promoter or coding regions of cytokine genes may 
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modify transcription factor recognition sites, thereby altering transcriptional activa-
tion and cytokine production, which may in turn influence susceptibility to Mtb.

10.3.3.1  �IFNγ

IFNγ is a critical regulatory cytokine in host resistance to Mtb infection. IFNγ levels 
were shown to influence susceptibility to and the outcome of TB. Thus, polymor-
phisms in the IFNγ gene may play a critical role in the anti-TB immune response. 
Several SNPs in the human IFNγ gene promoter (1616A/G, 874T/A, 3234C/T) 
were found to affect Mtb susceptibility in different ethnic groups [74]. In particular, 
the 874T/A mutation disrupted an NFκB binding site, resulting in low production of 
IFNγ and increased risk of developing active TB. However, these findings were not 
corroborated in Gambia or the Republic of Guinea, where two other IFNγ gene 
polymorphisms (−1616A/G and 3234C/T) were associated with TB [74]. A recent 
study of 77 TB patients in Japan revealed that the IFNγ gene 874 AA genotype was 
a strong independent predictor of the time to achieve negative conversion of sputum 
[75]. This indicates that the presence or absence of this SNP can provide useful 
information for public health decisions regarding the required duration of patient 
isolation and clinical course of treated TB patients.

10.3.3.2  �TNFα and TNFR1

TNFα, one of 19 TNF family members, exerts its functions via two receptors—
namely, TNFR1 and TNFR2—and mediates the protective immune response against 
Mtb. TNFα acts in synergy with IFNγ and stimulates the antimycobacterial activity 
macrophages to kill Mtb. Two SNPs in the promoter region of the TNFα gene 
(−238G/A and −308G/A) were associated with reduced TNFα transcription and 
increased risk of pulmonary TB in Colombia; however, no association was observed 
in studies from Turkey, India, or Cambodia [64]. There are several reports of a cor-
relation between TB and TNFR1 or TNFR2 (the SNP rs3397 and 3′-UTR haplotype 
GTT) in African populations [76].

10.3.3.3  �IL12 and IL12RB1

IL12 is mainly secreted by phagocytic cells (monocytes, macrophages, neutrophils, 
and DCs), and induces IFNγ production by T lymphocytes via signaling through 
IL12 receptors (IL12RB1 and IL12RB2) while promoting the differentiation of Th1 
cells. IL12 regulates host defense against Mtb infection via the IL12/IFNγ axis. 
Polymorphisms in the IL12B gene encoding the IL12p40 subunit have been detected 
in the promoter, introns 2 and 4, exon 5, and 3′-UTR [64]. Polymorphisms located 
in the promoter and intron 2 were found to be strongly associated with pulmonary 
TB in Moroccan and Chinese populations, whereas the others did not confer protec-
tion against TB. Three missense non-synonymous polymorphisms (M365T, G378R, 
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and Q214R) in the IL12RB1 gene have been linked to lower IL12 response and 
increased susceptibility to Mtb in the Japanese population [77], but no such associa-
tion was found in studies from Morocco or Korea. An IL12B 3′-UTR SNP 
(rs3212227) was identified as a risk factor for pulmonary TB, but no associations 
were observed in genotypic and allelic tests in a meta-analysis [78].

10.3.3.4  �IL10

IL10 is a potent immunosuppressive cytokine produced by activated monocytes 
and/or macrophages, DCs, B cells, and regulatory T cell subsets that inhibits cell 
proliferation and the secretion of inflammatory cytokines against Mtb. IL10 also 
promotes Mtb persistence in humans by blocking phagosome maturation in macro-
phages. Two SNPs in the promoter region of IL10 gene, i.e., −1082G/A and −592A/
C, have been correlated with susceptibility to Mtb; the latter was shown to decrease 
risk of infection, but the significance of the −1082G/A polymorphism in TB is 
unclear [64].

10.3.3.5  �MCP1 (CCL2)

MCP1 (CCL2) is a β-chemokine that is produced by and acts on monocytes and 
macrophages, resulting in the suppression of IL12p40 and stimulation of matrix 
metalloproteinase (MMP)1 production in these cells in response to mycobacterial 
antigens. Human MMP1 plays a key role in the granulomatous reaction and may 
promote the spread of Mtb and persistence of non-resolving inflammation. A poly-
morphism in the promoter region (−2518, genotype GG) of the MCP1 gene was 
shown to be associated with increased susceptibility to TB in studies from Mexico 
and Korea; increased plasma MCP1 levels in response to Mtb infection were accom-
panied by TB progression in carriers of the susceptibility genotype. The two-locus 
genotype −2518 MCP1—MMP1 2G/2G in Peruvians increased the risk of progres-
sion from latent to active TB. MMP1 overexpression may activate MCP1 and Mtb-
driven inflammatory responses via activation of protease-activated receptor 1, 
leading to severe pulmonary TB disease and delayed response to treatment [79].

10.3.4  �VDR

Before the development of antibiotics, TB was treated by vitamin D supplementa-
tion either through the diet or by exposure to sunlight. VDR modulates the antimy-
cobacterial response triggered by TLRs as well as cytokine responses via binding to 
its ligand, the active metabolite of vitamin D (1,25[OH]2D3). The activation of 
TLR1 and TLR2 on monocytes increased VDR expression and vitamin D1 hydrox-
ylase genes, leading to the intracellular killing of Mtb. Several VDR polymorphisms 
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(FokI, TaqI, BsmI, and ApaI) have been linked to TB resistance [80]. A Gambian 
study demonstrated that the homozygous T/T TaqI genotype was correlated with 
higher circulating levels of 1,25(OH)2D3 and may confer protection against TB [81]. 
In contrast, studies in Cambodia and West and South Africa found no association 
between any VDR polymorphism with TB susceptibility [64]. The heterogeneity of 
the results could be due to several factors including different ethnic backgrounds, 
population admixture, different case and control definitions, or small sample sizes. 
A family-based study conducted in West Africa suggested that VDR haplotypes 
rather than individual alleles or genotypes are responsible for increased susceptibil-
ity to Mtb [82].

10.3.5  �HLA Alleles

HLA—with its ever-increasing allelic diversity (12,482 and 4592, class I and II 
alleles, respectively; http://www.ebi.ac.uk/imgt/hla/stats.html [as of September 
2017])—is the most polymorphic locus in the human genome. The HLA complex 
consists of class I (HLA-A, -B, and -C) and class II (HLA-DM, -DO, -DR, -DQ, and 
-DP) molecules that present pathogenic peptides to CD8+ and CD4+ T cells, respec-
tively. Several HLA alleles—particularly of class II—have been implicated in Mtb 
susceptibility, although this is controversial. A recent meta-analysis showed that 
HLA-DRB1*04, *09, *10, *15, and *16 gene polymorphisms contribute to the risk 
of TB, especially in East Asians [83]. Two Cambodian studies demonstrated that the 
HLA-DQB1*0503 allele and other DQB1 alleles (*0301, *0303, *0401, *0402, 
*0503, *0601, *0602, and *0603) were linked to Mtb susceptibility [84, 85] and 
increased susceptibility to pulmonary TB, while the HLA-DQB1*0503 allele 
resulted in decreased production of IFNγ by CD4+ T cells and impaired immune 
response against Mtb. Case-control studies in India and Indonesia have reported a 
higher frequency of HLA-DR2 allele (DRB1*1501) in TB patients [86]; a positive 
correlation between TB and the DR2 allele was supported by a meta-analysis [87]. 
However, no association was found in Egypt, Cambodia, Hong Kong, or Brazil [64].

10.4  �Conclusions

Mycobacterial disease is a multi-factorial disease resulting from a strong immune 
response to a persistent pathogen. Genetic aberrations in the innate immune path-
way have been linked to partial or fatal defects in host defense against pulmonary 
mycobacterial infection. A better understanding of the role of genetic factors in 
mycobacterial disease will not only facilitate molecular diagnosis and the develop-
ment of more effective drugs targeting Mtb but can also enable clinicians to recom-
mend individualized prophylactic and treatment approaches and improved family 
screening.
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Chapter 11
Pulmonary Malignancies (1): Lung 
Cancer—What Are the Roles of Genetic 
Factors in Lung Cancer Pathogenesis?

Naozumi Hashimoto, Mitsuo Sato, and Yoshinori Hasegawa

Abstract  Carcinogenesis, including that of lung cancer, has been shown to be 
caused by the accumulation of genetic alterations. Some of the genetic changes are 
germline mutations, inherited gene alterations, and single-nucleotide polymor-
phisms. Germline mutations and inherited gene alterations are related to the devel-
opment of familial lung cancer, and certain single-nucleotide polymorphisms are 
associated with an increase in the risk of lung cancer. Other factors associated with 
an increase in the risk of lung cancer include environmental and genetic interac-
tions. The inhalation of a number of environmental carcinogenic agents, such as 
tobacco smoke, asbestos, or air pollutants, may lead to the induction of gene muta-
tions, misreading in gene replication, or damage of DNA repair mechanisms. 
Multiple mechanisms for the acquisition of genetic predisposition to lung cancer 
have been intensively investigated, and further scientific knowledge would be valu-
able in the development of new therapeutic targets for treating lung cancer.

Keywords  Lung cancer · Familial lung cancer · Genetic factors  
Environmental factors

11.1  �Introduction

Epidemiological studies have shown that the incidence of lung cancer is age-
dependent and that the age-specific incidence risk of lung cancer exceeds 1.0 for 
individuals (both males and females) aged >60 years; this risk has been estimated 
based on cancer incidence data for 2010 in Japan [1]. Pathological observations of 
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tumor tissues demonstrate a variety of abnormal tissue formations, such as dyspla-
sia or atypical adenomatous hyperplasia in lung adenocarcinoma, from the precan-
cerous state to invasive cancer. In addition, genomic analysis has revealed that lung 
cancer accumulates high amounts of genetic and epigenetic alterations [2], includ-
ing gene mutations, rearrangements, loss of heterozygosity, and gene expression 
and copy number alterations. During research to discover tumor oncogenes and 
tumor suppressor genes, the notion that the increase in the number of gene altera-
tions corresponds to tumor development, i.e., the “multistep tumor progression” 
model, has been established [3].

While discussing genetic factors associated with lung cancer pathogenesis, two 
factors that influence gene alterations should be considered. One involves cancer 
susceptibility genes that are acquired by inheritance, and the other is environmental 
factors, such as tobacco smoke, asbestos, and inhalation of environmental chemi-
cals and dust, which promote genetic and epigenetic alterations. In particular, the 
causal relation between tobacco smoke and lung cancer has been well established. 
The risk of lung cancer is 4–5 times higher in smoking males and 2–3 times higher 
in smoking females compared with that in never-smokers [4]. International Agency 
for Research on Cancer (IARC) has classified six carcinogens in mainstream smoke 
as carcinogenic to humans (Group 1) [5]. In addition, there are a number of lung 
cancer patients among non-smokers. Some, not all, of them have lung cancer due to 
breathing in secondhand tobacco smoke. Occupational and environmental exposure 
and genetic susceptibility will be discussed.

11.2  �Overview of Genes Associated with Lung Cancer

Lung cancer is a heterogeneous disease clinically, histologically, and molecularly. 
It is histologically classified into two major subtypes: non-small cell lung cancer 
(NSCLC) accounting for approximately 85% of the cases of lung cancer and small 
cell lung cancer (SCLC) accounting for approximately 15% of the cases. NSCLC is 
further classified into three subtypes: adenocarcinoma, squamous cell carcinoma, 
and large cell carcinoma. Lung cancer develops from normal epithelial cells, its 
presumed cellular origin, to overt cancer cells through a stepwise acquisition of 
growth-advantageous molecular alterations over some decades [6, 7]. The high het-
erogeneity of lung cancer is suggested to result from the diversity in the cell types 
based on their origins and in the types and numbers of molecular alterations it accu-
mulates. The cellular origins of lung cancer are largely unknown, but at least three 
different types of cells belonging to distinct cellular lineages, namely, type II alveo-
lar, basal, and neuroendocrine cells, are speculated to be the origins of three differ-
ent histological subtypes, namely, adenocarcinoma, squamous cell carcinoma, and 
SCLC, respectively. Furthermore, as mentioned below, lung cancers classified as 
the same histological types can harbor subpopulations exhibiting extremely high 
diversity in terms of molecular alterations, which closely correlate with its biologi-
cal aggressiveness.
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Intensive molecular analysis of lung cancer began in the late 1980s and has 
revealed that lung cancer cells harbor numerous genetic and epigenetic alterations 
as well as copy number changes and rearrangements that result in the activation of 
oncogenes or inactivation of tumor suppressor genes. Furthermore, in the past 
decade, tremendous advances in high-throughput sequencing technologies have 
allowed comprehensive molecular profiling of lung cancer with high sensitivity and 
accuracy. For example, The Cancer Genome Atlas (TCGA), a project launched in 
2005 to catalog genetic alterations responsible for human cancers, has completed 
characterization of more than 20 types of human cancers, including adenocarci-
noma, squamous cell carcinoma, and SCLC [8–11]. Comprehensive analyses by 
TCGA and other groups have revealed that molecular alterations found in three 
histological subtypes of lung cancer differ significantly, with some common 
changes; this finding is consistent with that of previous studies [7–16] (Table 11.1). 
Furthermore, these groups have discovered several previously unacknowledged 

Table 11.1  Major molecular alterations in lung cancer

Adenocarcinoma Squamous cell carcinoma
Small cell 
carcinoma

Genes in tumor suppressing pathways or TSGs
The p53 pathway
�CDKN2A  
(p14)

Mutation or deletion (23%) Mutation or deletion (44%) Mutation (rare ~2%)

�MDM2 Amplification (8%) Amplification (2%)
�p53 Mutation or deletion (47%) Mutation (94%) Mutation (94%)
The p16/RB pathway
�CDKN2A  
(p16)

Mutation or deletion (23%) Mutation or deletion (44%) Mutation (rare ~2%)

�RB1 Mutation or deletion (6%) Mutation or deletion (7%) Mutation (78%)
TSGs in chromosome 3p
�RASSF1A Methylation (31%) Methylation (43%) Methylation 

(72–85%)
�SEMA3B Methylation (46%) Methylation (47%)
Genes in oncogenic pathways or oncogenes
Receptor tyrosine kinase
�EGFR Mutation (10%) Mutation (1%) Mutation (rare)

Amplification (3%) Amplification (5%) Amplification (rare)
�HER2 Mutation (1%) Amplification (2%) Mutation (rare)

Amplification (3%) Amplification 
(5–30%)

�MET Mutation (7%) Mutation (1–2%) Mutation (rare 
~13%)

Amplification (3–20%) Amplification (1–21%) Amplification 
(1–5%)

�FGFR1/4 Mutation (rare) Mutation (2%) Mutation (1%)

(continued)
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recurrent alterations, including rearrangement of TP73 and TP73 delta ex2/3 exhib-
iting oncogenic functions that can potentially serve as therapeutic targets for lung 
cancer. Importantly, knowledge from epidemiological studies and experimental 
models recapitulating multistep carcinogenesis of lung cancer has suggested that 
only a handful (usually five to eight) of genes are “drivers,” whereas others are only 
“passengers” (discussed later) [17–19]. This has important clinical implications 
because “drivers,” but not “passengers,” serve as therapeutic targets for lung cancer. 
The discovery of an activating mutation in epidermal growth factor receptor (EGFR) 
in adenocarcinoma that is strongly associated with response to EGFR-targeted tyro-
sine kinase inhibitors (TKIs) indicates the first success in applying molecular 
knowledge on lung cancer in the clinic, which was obtained in 2002 [20, 21]. In 
2007, a gene rearrangement in lung cancer involving anaplastic lymphoma kinase 
(ALK) was also discovered, and ALK-targeted TKIs have shown remarkable clinical 
benefits [22]. These findings have afforded molecularly tailored medicine in lung 
cancer, thereby beginning a new era of lung cancer treatment.

Copy number analysis in lung cancer has identified some recurrent alterations 
shared by all histological subtypes or found in certain specific ones. Frequent loss 

Table 11.1  (continued)

Adenocarcinoma Squamous cell carcinoma
Small cell 
carcinoma

Amplification (1–4%), 
Fusion (1%)

Amplification (16–22%), 
fusion (4%)

Amplification 
(5–6%)

�ALK Fusion (3%) Fusion (very rare)
�ROS1 Fusion (1–2%) Fusion (very rare)
�RET Fusion (1%) Fusion (very rare)
The RAS/RAF/MAP pathway
�KRAS Mutation (10–35%) Mutation (1%) Mutation (very rare)
�BRAF Mutation (1–7%) Mutation (2%) Mutation (1%)
The PI3K/AKT/mTOR pathway
�PIK3CA Mutation (2%) Mutation (5%) Mutation (1%)

Amplification (2–6%) Amplification (33–36%)
�AKT1 Mutation (1%), 

Amplification (1%)
Mutation (1%), 
Amplification (1%)

�AKT2 Amplification (1%) Amplification (5%)
�PTEN Mutation or deletion (3%) Mutation or deletion (10%) Mutation or deletion 

(6%)
�LKB1 (STK11) Mutation or deletion 

(14–60%)
Mutation (2–30%) Mutation (rare)

MYC Amplification (9%) Amplification (5%) Amplification 
(18–30%)

Lineage-specific oncogenes
�TITF1 Amplification (10–15%) Amplification (3–15%) Amplification (rare)
�SOX2 Amplification (3%) Amplification (23–42%) Amplification (27%)

Frequencies are based on Refs. [7–16]
TSG tumor suppressor gene
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of a copy of chromosome 3p in all histological subtypes of lung cancer as well as in 
premalignant lesions was identified in the late 1980s, suggesting that this region 
contains tumor suppressor genes, the loss of which greatly contributes to the initia-
tion and progression of lung cancer. Thus, intensive research involving the identifi-
cation and characterization of commonly deleted regions in chromosome 3p, as well 
as functional analysis with gene transferring methods, has been conducted, leading 
to the identification of multiple tumor suppressor genes, including FHIT, RASSF1A, 
FUS1, and SEMA3B. Unlike classical tumor suppressor genes, such as p53, these 
genes were inactivated very rarely by mutations but very frequently by promoter 
specific methylation [23, 24]. One of the MYC proto-oncogenes (MYC, MYCN, or 
MYCL) is amplified in both NSCLC and SCLC. MYC is amplified mostly in NSCLC, 
whereas all members of the MYC family are amplified in SCLC. The accuracy of 
tiling array comparative genomic hybridization has greatly improved, leading to the 
identification of some lineage-specific oncogenes, including TTF1 (14q) amplified 
in adenocarcinoma and SOX2 (3q) amplified in squamous cell carcinoma and SCLC 
[16, 25, 26].

The tumor suppressor gene p53 is the most frequently mutated gene in lung can-
cer; it is mutated in approximately 50% of adenocarcinoma, approximately 90% of 
squamous cell carcinoma, and approximately 100% of SCLC [8–10]. In response to 
cellular stresses, such as carcinogens and UV, that potentially cause DNA damage, 
p53 induces G1 cell cycle arrest to allow DNA repair or apoptosis, depending on the 
severity of DNA damage. In addition, either CDKN2A (p16) or RB1, both belonging 
to the same pathway that regulates G1–S transition in the cell cycle, is frequently 
inactivated in all three histological subtypes. Interestingly, using an alternate exon1, 
CDKN2A encodes another gene, p14 ARF, that functions as a tumor suppressor in 
the p53 pathway by suppressing MDM2, an E3 ubiquitin ligase that induces p53 
degradation via the ubiquitin proteasome system. Notably, in nearly all SCLC 
tumors, both p53 and RB are inactivated. These findings demonstrate that the inac-
tivation of both the p53 and p16/RB pathways is a fundamental, universal genetic 
alteration in lung cancer of all histological subtypes, particularly SCLC. By con-
trast, most other alterations in lung cancer exhibit cell subtype specificity to varying 
extents. For example, alterations in genes encoding receptor tyrosine kinases 
(RTKs) occur almost exclusively in lung adenocarcinomas; these include activating 
mutations in EGFR, HER2, and MET as well as translocations involving ALK, ROS, 
RET, NTRK1, NRG1, and ERBB4. One exception is a gene rearrangement involving 
FGFR family genes that are exclusively found in squamous cell carcinoma. RAS 
family genes encoding proteins that are direct downstream effectors of these RTKs 
are mutated almost exclusively in adenocarcinoma. LKB1 (also known as STK11), 
a multifunctional serine/threonine kinase that functions as a TSG, in part, through 
suppressing mTOR, is mutated frequently in adenocarcinoma and less frequently in 
squamous cell carcinoma. As expected, genes associated with differentiation dem-
onstrate histology-specific patterns of occurrence. For instance, mutations in the 
neuroendocrine differentiation genes NOTCH1, NOTCH2, and NOTCH3 have been 
found in SCLC. Importantly, even in the same histological type, especially in ade-
nocarcinoma, types of alterations as well as amount of mutational burden involving 
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the entire genome significantly differ between tumors from smokers and from non-
smokers. Studies have shown that NSCLC tumors from smokers exhibit tenfold 
higher mutation frequency than those from non-smokers. p53 and Kirsten rat sar-
coma viral oncogene (KRAS) mutations are more common in smokers than in 
non-smokers, whereas EGFR and HER2 mutations and rearrangements involving 
ALK occur much more commonly in non-smokers than in smokers.

Multi-region deep sequencing of primary lung tumors has revealed remarkable 
heterogeneity along with common alterations, suggesting the existence of a tumor’s 
evolutionary tree comprising the fundamental trunk (a stem clone) and branches 
(subclones) [27, 28]. Analysis has shown that driver mutations, such as those involv-
ing p53, KRAS, and EGFR, are usually observed in a stem clone, suggesting that 
single biopsy samples for searching for driver mutations are sufficient.

Smoking is the main cause of lung cancer, with accountability for approximately 
80% of the cases. Nevertheless, the incidence of lung cancer in non-smokers is 
increasing worldwide, but its etiology is largely unknown. Recently, APOBEC3B, 
belonging to the APOBEC gene family, is emerging as a potential endogenous 
source of mutations [29]. Physiologically, APOBEC3B protects the genome from 
retroviral and retrotransposon propagation by deaminating cytosine, resulting in C 
to T transitions. Studies analyzing whole-genome sequencing data, including that of 
TCGA, have shown that APOBEC3B-associated mutations are prevalent throughout 
the genome, co-occurring with increased expression of APOBEC3B mRNA in sev-
eral human cancers, including lung adenocarcinoma and squamous cell carcinoma, 
suggesting that APOBEC3B is a critical source of mutations in lung cancer. 
Moreover, multi-region deep sequencing of primary lung tumors has shown high 
intra-tumor heterogeneity in APOBEC3B-associated mutations, suggesting that 
APOBEC3B contributes to the generation of tumor heterogeneity in lung cancer.

Collectively, these detailed molecular findings in lung cancer have helped iden-
tify many genes as actionable therapeutic targets. Novel therapeutic agents targeting 
these genes are under development or are being tested in clinical trials.

11.3  �Inherited Susceptibility of Lung Cancer

11.3.1  �Familial Lung Cancer

Most cases of lung cancer are caused by the accumulation of somatic gene altera-
tions found in tumor cells only and not by germline mutations or inherited gene 
alterations. In contrast, Li–Fraumeni syndrome is a representative hereditary cancer 
predisposition, which is linked to germline mutations of the p53 tumor suppressor 
gene [30, 31]. Li–Fraumeni syndrome is also termed SBLA, which stands for famil-
ial development of sarcoma (S); breast and brain tumor (B); leukemia, lung, and 
laryngeal cancer (L); and adrenal cortical carcinoma (A) [32]. Kleihues et  al. 
reported that the incidence of lung cancer in patients with malignant transformation 
of Li–Fraumeni syndrome was not frequent and was 4–6% in 91 families [33]. 
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On the other hand, Hwang et al. reported that lung cancer was the third most com-
mon tumor type in mutation carriers and that the standardized incidence ratio of 
lung cancer was 38.5 (95% CI, 16.6–76.0) [34]. In addition, the mean age when 
tumor develops in Li–Fraumeni syndrome is organ specific, and the cumulative risk 
of lung cancer increases in an age-dependent manner. Both reports indicated the 
mean age of lung cancer diagnosis is approximately 50 years.

As for another inherited susceptibility to lung cancer, a family in which members 
carry a germline EGFR T790M mutation has been reported [35]. Somatic mutation 
involving EGFR T790M is known as one of the activating mutations in lung cancer 
and also an acquired gatekeeper mutation that results in resistance to first-generation 
EGFR–TKI treatment [36]. This report has shown that some family members who 
carry a germline EGFR T790M mutation develop NSCLC with secondary activat-
ing EGFR mutations occurring in the same allele where the germline EGFR T790M 
mutation occurs. Although the mechanisms are not clear, a germline EGFR T790M 
mutation is one of the factors for inherited susceptibility to lung cancer.

11.3.2  �Genome-Wide Association Study

The Genetic Epidemiology of Lung Cancer Consortium, funded by the National 
Cancer Institute in the United States, collected familial lung cancer cases and con-
ducted a family-based linkage study. Over 1000 families with familial lung cancer 
have been enrolled [37], and extracted germline DNA of highly aggregated lung 
cancer families has been used for linkage studies and genotyping by the Center for 
Inherited Diseases Research using microsatellite markers. In 2004, Bailey-Wilson 
et al. reported a major susceptibility locus localized to chromosome 6q23-25 that 
influences the risk of lung cancer [38]. Thereafter, several genome-wide association 
studies (GWAS) have reported 5p15.33, 6p21.33, 6q23-25, and 15q24-25.1 to be 
associated with susceptibility gene loci for familial lung cancer.

In relation to cancer susceptibility, the gene locus 5p15.33 contains TERT and 
CRR9/CLPTM1L [39]. TERT is known as the gene that encodes the catalytic sub-
unit of telomerase reverse transcriptase and plays an important role in genetic sta-
bility. CRR9/CLPTM1L is termed cisplatin resistance-related protein-9 (CRR9) or 
as cleft lip and palate transmembrane protein-1-like (CLPTM1L). It is overex-
pressed in NSCLC and is required for KRAS-induced lung tumorigenesis [40, 41]. 
The gene locus 6p21.33 encompasses HLA-B-associated transcript 3 (Bat3), which 
controls DNA damage-induced acetylation of p53 [42]. This gene locus contains 
RGS17 that encodes a member of the regulator of G-protein signaling (RGS) fam-
ily. RGS17 knockdown inhibits tumor growth, and RGS17 overexpression increases 
tumor growth [43]. The gene locus 15q24-25.1 encompasses the genes IREB2, 
LOC123688, PSMA4, CHRNA5, CHRNA3, and CHRNB4 [44, 45]. IREB2 encodes 
an iron regulatory protein 2 that regulates iron metabolism [46]. LOC123688 is a 
putative gene, and its function is not known. PSMA4 encodes proteasome alpha 
type subunit 4—a structural protein of the 20S proteasome core—and may regulate 
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the proliferation of lung cancer cells [45, 47, 48]. CHRNA5, CHRNA3, and CHRNB4 
encode nicotinic acetylcholine receptor subunits (α5, α3, and β4, respectively) and 
have been shown to be associated with nicotine dependence and lung cancer risk 
[49, 50].

As mentioned above, intensive linkage analysis and single-nucleotide polymor-
phism analysis of these gene loci have been performed, and they have provided 
evidence of genetic influence on the risk of lung cancer. However, the mutation at 
individual gene loci seems to be a small effect on the cause of tumorigenesis. 
Cumulative effects of genetic predispositions to lung cancer may play an important 
role in inherited susceptibility to it.

11.4  �Environment and Genetic Interactions

11.4.1  �Tobacco Smoke and Genetic Susceptibility

The causal relationship between lung cancer and tobacco smoke has been well 
established, and smoking cessation in nationwide efforts can be beneficial to 
decrease the incidence of lung cancer [51]. Tobacco smoke contains 3000–4000 
chemicals, more than 50 of which are identified as carcinogenic agents. In main-
stream smoke, benzene, cadmium, 2-aminonaphthalene, nickel, chromium, and 
4-aminobiphenyl are characterized as IARC Group 1 agents (carcinogenic to 
humans), and formaldehyde, 1,3-butadiene, and benzo[a]pyrene are listed as IARC 
Group 2A (probably carcinogenic to humans) [5]. Some of these agents have been 
shown to induce gene mutations, DNA damage, and chromosomal aberrations. 
Benzo[α]pyrene is known to directly attack a number of chemical sites and form 
DNA adducts [52]. Consequently, gene mutations, and misreading in gene replica-
tion, or genomic instability are induced. Carcinogenic agents also influence DNA 
repair mechanisms [53]. Individual susceptibility to these carcinogens may be 
dependent on the activity of detoxification enzymes, such as the genetically poly-
morphic cytochrome P450, or drug metabolism [54]. In addition, individual addic-
tive smoking behavior may be partly influenced by genetic factors, such as dopamine 
receptor gene polymorphisms, but these relationships are weak as an association 
with smoking behavior [50].

11.4.2  �Environmental Inhalation

In addition to tobacco smoke, several environmental carcinogenic agents interact 
with genes. One representative example is asbestos, in which six types of minerals 
belong to the serpentine class. Although the toxic effects of asbestos are dependent 
on the type of asbestos, size of fiber, and environment, exposure to it is well known 
to be a major risk factor for lung cancer and mesothelioma. Asbestos induces DNA 
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damage by producing reactive oxygen species, resulting in mutations in proto-
oncogenes, such as KRAS [55] and p53 [56]. The latency periods for the develop-
ment of lung cancer and mesothelioma after asbestos exposure are more than 20 and 
30 years, respectively. In addition, smoking synergistically increases the risk of lung 
cancer. These findings also support the notion of “multistep tumor progression,” i.e., 
the cumulative alterations of genes.

In addition to asbestos, air pollutants such as particular matter (PM2.5 or PM10) 
and diesel exhaust, radioactive materials such as indoor radon gas and X- and 
gamma rays, and chemicals such as arsenic, beryllium, silica, aluminum, and nickel 
have been reported as environmental risk factors for lung cancer development. In 
addition to genetic susceptibility to lung cancer, the interactions between genes and 
the environment may influence individual cancer susceptibility, including acquired, 
cumulative mutated genes and the detoxification enzymes which activities depend 
on genetic polymorphisms.

11.5  �Driver and Passenger Mutations in Lung Cancer

Cancer genomes exhibit two types of somatic mutations arising from various pro-
cesses: the “driver” mutation and the “passenger” mutation. A mutation of cancer 
genes that promotes cancer development and confers a selective growth advantage 
is defined as a “driver” mutation. Driver mutations tend to cause clonal expansions. 
Conversely, a “passenger” mutation is commonly accepted as a mutation that does 
not provide a growth advantage. The term “oncogenic addiction” describes a finding 
whereby cancer cells develop in line with the hallmarks of cancer, depending on 
genetic modifications, such as driver mutations and gene amplifications. This 
dependency provides clues to find new therapeutic strategies against cancer. 
Therefore, the strategy to distinguish oncogenic driver mutations from passenger 
mutations among cancer genomes is warranted. Indeed, the approach to reveal can-
cer genes displaying the nature of oncogene addiction has provided some notable 
successes. Protein kinases are frequently mutated in cancer, and inhibitors of this 
family have proven to be effective anticancer drugs. EGFR has a tyrosine protein 
kinase domain, and epithelial growth factor stimulation induces phosphorylation of 
this domain. Major mutations in this domain of EGFR are either in-frame deletions 
in exon 19 (exon 19 deletions) or an amino acid substitution at position 858 (exon 
20 L858R), resulting in cluster formation around the adenosine triphosphate-
binding pocket of the catalytic domain of tyrosine protein kinases. The common 
activating mutations of EGFR show an additive specific gain of function in lung 
cancer. The incidence of EGFR mutation might be associated with adenocarcinoma 
in never-smoking females among Asian populations, including the Japanese popula-
tion [57]. Several inhibitors targeting EGFR mutations have been utilized to treat 
lung cancer. Small-molecule inhibitors of ALK rearrangement are also introduced in 
lung cancer with an ALK fusion gene. Although KRAS is the most commonly 
mutated gene, KRAS itself is not easily targetable.
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A recent large-scale sequence analysis of cellular kinases in various types of 
cancers has identified more than 1000 mutations, indicating that numerous altera-
tions in DNA sequence underlie the development of all tumors [58]. The incidence 
of passenger mutations is likely to be involved in somatic mutations detected in 
cancer [58, 59]. Combinations of some mutations that are less frequently detected in 
most lung adenocarcinomas may promote cancer phenotypes [59]. The analysis of 
known genes could not detect new high-frequency mutations in lung cancer in addi-
tion to gene mutations previously reported [58]. The existence of oncogenes, includ-
ing Src or KRAS, is insufficient to develop cancer in animal models when tissue 
injury and subsequent tissue repair are not involved [60]. KRAS and EGFR muta-
tions are frequently observed in adenocarcinoma. The incidence of KRAS mutations 
is approximately 30% in lung adenocarcinomas in Western population and approxi-
mately 10% in Asian population. The incidences of KRAS and EGFR mutations are 
also mutually exclusive. The frequency of EGFR mutations is more than 60% in 
female, non-smoking lung cancer patients among Asian populations [61].

Tumor suppressor genes, such as p53 and phosphatase and tensin homologue 
deleted from chromosome 10 (PTEN), correct genomic instability, restraining aber-
rant growth and survival. Genetic alteration of tumor suppressor genes causes loss 
of function through inactivating mutations, deletion mutations, or epigenetic silenc-
ing, thereby accelerating cancer development accompanied by oncogene activation. 
Mutated tumor suppressor genes, including p53 and CDKN2A, are frequently 
observed in lung adenocarcinoma and squamous cell carcinoma [8, 59]. A recent 
GWAS has demonstrated the impact of epigenetic factors on the development of 
lung adenocarcinoma with EGFR mutation [62, 63]. TERT at 5p15.33, BTNL2 at 
6p21.3, tumor protein p63 (TP63) at 3q28, bromodomain PHD finger transcription 
factor (BPTF) at 17q24.2, HLA class II at 6p21.32, and forkhead box P4 (FOXP4) 
at 6p21.1 are strongly associated with the development of lung adenocarcinoma 
with EGFR mutation in East Asian population [63]. Multiple genetic factors modu-
late the development of lung adenocarcinomas with EGFR mutations. Thus, cancer 
also develops in the tumor microenvironment where cancer cells and their stromal 
neighbors are orchestrated in oncogenic signaling networks.

11.6  �Conclusion

Cancer is known as a genetic disease, which means that genetic alteration is a cause 
of carcinogenesis. The accumulation of genetic and epigenetic alterations, includ-
ing gene mutations, rearrangements, loss of heterozygosity, and gene expression 
and copy number alterations, causes lung cancer. Some gene alterations involve 
cancer susceptibility genes acquired by inheritance, and others are affected by envi-
ronmental factors. Although interactions between genes and the environment are 
complicated, multiple mechanisms for the acquisition of genetic predisposition to 
lung cancer have been revealed after intensive investigation, as mentioned in this 
chapter. These scientific findings would become powerful tools for discovering new 
therapeutic targets and preventing lung cancer.
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Chapter 12
Pulmonary Malignancies (2): 
Mesothelioma—What Are the Roles 
of Genetic Factors in the Pathogenesis 
of Mesothelioma?
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Abstract  Malignant pleural mesothelioma is a highly lethal and aggressive tumor, 
and its incidence is increasing because of widespread asbestos exposure in the last 
50  years. Malignant mesothelioma is characterized by a long latency period of 
40 years between initial exposure to asbestos and tumor development, indicating 
that multiple somatic genetic alterations contribute to its carcinogenesis. Molecular 
genetic studies have identified multiple chromosomal alterations in most mesothe-
lioma tumor tissues and cell lines. In addition, these studies have identified several 
key genetic alterations. Mutation rates in CDKN2A, NF2, and BAP1, which are 
cancer suppressor genes, are high in mesothelioma cells. Moreover, diagnosis of a 
new familial cancer predisposition syndrome associated with germline BAP1 muta-
tion indicates the importance of genetic factors in mesothelioma susceptibility. In 
this chapter, we have summarized the clinicopathological aspects of mesothelioma 
and have discussed the roles of genetic factors in the development of malignant 
pleural mesothelioma.
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12.1  �Introduction

Malignant mesothelioma primarily arises from mesothelial cells of serosal mem-
branes consisting of the pleura, peritoneum, pericardium, and tunica vaginalis. In 
majority of cases, mesothelioma is of pleural origin (malignant pleural mesotheli-
oma), followed by peritoneal origin (malignant peritoneal mesothelioma), which 
accounts for 7–13% of all mesothelioma cases. Development of mesothelioma is 
strongly associated with asbestos exposure. Malignant pleural mesothelioma is usu-
ally caused by occupational asbestos exposure but can also occur because of low-
level asbestos exposure in the general environment. Approximately 10–15% patients 
with malignant mesothelioma have no apparent exposure to asbestos. A small frac-
tion of cases of malignant peritoneal mesothelioma is associated with heavier and 
longer asbestos exposure than pleural mesothelioma. However, >60% patients with 
peritoneal mesothelioma have no history of asbestos exposure. Generally, mesothe-
lioma develops as a sporadic malignant neoplasm in association with asbestos or 
other mineral particles exposure. Some studies have reported familial clustering of 
mesothelioma independent of asbestos exposure [1, 2]. Moreover, its clustering 
among blood relatives, in whom two or more individuals have malignant mesothe-
lioma, suggests genetic susceptibility besides asbestos exposure.

BRCA1-associated protein 1 (BAP1) is a tumor suppressor gene located on chro-
mosome 3p21.1 that encodes a deubiquitinating enzyme. BAP1 regulates cell cycle 
checkpoints, target gene transcription, and DNA damage repair. A recent study 
showed that germline BAP1 mutations in two families were associated with a high 
incidence of malignant mesothelioma [3]. Moreover, germline BAP1 mutations are 
associated with a novel hereditary cancer syndrome that occurs in family members 
with several cancer types, including malignant mesothelioma, uveal melanoma, 
cutaneous melanoma, renal cell carcinoma, and basal cell carcinoma. Germline 
BAP1 mutations are rare in sporadic mesothelioma caused by asbestos exposure. 
However, a long latency period of 40 years suggests that multiple somatic mutations 
contribute to the carcinogenesis of mesothelioma.

12.2  �Epidemiology of Malignant Mesothelioma

Malignant mesothelioma is a relatively uncommon disease. However, its incidence 
in Japan is increasing and is predicted to peak by 2030. At present, 1500 new meso-
thelioma cases are reported per year; this number has increased from 500 in 1995 
(when ICD-10 was introduced) to 1550  in 2016. Incidence of mesothelioma is 
increasing globally because of large-scale asbestos consumption. In the USA and 
Sweden, which have tried to decrease asbestos exposure for nearly 50 years, the 
incidence of mesothelioma is declining after reaching a peak. However, the inci-
dence of mesothelioma is yet to peak in Japan. In the USA, age-adjusted death rate 
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of mesothelioma decreased from 13.96 per million in 1999 to 10.93 in 2015 [4]. 
Malignant mesothelioma develops after a very long latency period of approximately 
40 years. Despite regulatory action against and prohibition of the use of asbestos, 
the number of mesothelioma patients is increasing substantially in many countries 
where asbestos has been widely used in the past. In Japan, current exposure to 
asbestos may occur during maintenance and rebuilding of old buildings containing 
asbestos.

12.3  �Asbestos Consumption and Mesothelioma Incidence

Asbestos is regulated and/or is completely banned in developed countries but con-
tinues to be used in some developing countries. Asbestos consumption in China has 
increased sharply because of rapid industrialization, and similar trends have been 
observed in Thailand and Vietnam in Southeast Asia. In 2010, Asia accounted for 
64% of the global asbestos consumption, which increased from 47% in 2000. 
Asbestos use in Vietnam and Thailand decreased by 27% and 8%, respectively, 
from 2012 to 2013. In contrast, asbestos consumption in China increased by 7% to 
570,000 tons in 2013, thus making it the top consumer of asbestos.

In Japan, mesothelioma-associated mortality was low until the early 1990s, with 
less than 200 reported deaths in 1991. A retrospective reconfirmation study of 
mesothelioma-associated deaths reported in Japanese death certificate data (ICD-
10) was performed between 2003 and 2008 [5]. This study investigated 2069 meso-
thelioma cases out of 6030 cases mentioned in death certificates to clarify the 
clinical and pathological diagnosis of mesothelioma [5]. Results of this study 
showed that 929 of 2069 cases were pathologically reconfirmed to be mesotheli-
oma. Since 2006, all patients with pathologically proven mesothelioma have been 
legally compensated through Workers’ Accident Insurance or Asbestos Health 
Damage Relief Law. Pathologically proven diagnosis is required to obtain a certifi-
cate for compensation. Therefore, ICD-10 data of mesothelioma obtained after 
2006 may be more reliable than those obtained before 2005.

The annual number of mesothelioma-associated deaths closely corresponds to 
the trend of asbestos import after Korean War, with a latency period of approxi-
mately 40 years from the first exposure to mesothelioma development (Fig. 12.1). 
Asbestos consumption in Japan showed two peaks: 352,000 ton consumption in 
1974 and 320,000 ton consumption in 1988. Therefore, mesothelioma incidence 
may peak twice 40 years after these consumption peaks. Analysis of the association 
between the incidence of mesothelioma and quantity of asbestos used showed that 
70 tons of produced and consumed asbestos caused at least one death due to meso-
thelioma [6]. Therefore, mesothelioma-associated deaths are predicted to reach 
approximately 2000 per year from 2014 to 2028. Other studies indicate that 
mesothelioma-associated mortality in Japanese people aged 50–89  years may 
increase until 2027, totaling to 66,327 deaths from 2003 to 2050 [7].
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12.4  �Asbestos-Induced Carcinogenesis and Other  
Etiological Factors

Development of malignant mesothelioma is strongly associated with asbestos expo-
sure. Asbestos is a generic term for a group of naturally occurring fibrous crystalline 
silicate minerals classified as group 1 carcinogens in humans by International 
Agency for Research on Cancer (IARC). Asbestos minerals are divided into two 
groups, namely, amphibole and serpentine, based on their crystalline structure. 
Amphibole forms crocidolite (blue asbestos) and amosite (brown asbestos) and ser-
pentine form chrysotile (white asbestos) are widely used in insulation and fireproof-
ing (Table 12.1). Crocidolite and amosite are considerably more persistent in the 
lung tissue than chrysotile. Inhaled chrysotile disappears rapidly from the lung tis-
sue. However, cell culture studies have suggested that chrysotile is more toxic than 
some amphiboles. Chrysotile has a hollow central core, which acts as an ion reser-
voir, that may be responsible for its toxicity. Asbestos carcinogenicity depends on 
its fiber morphology, chemical composition, exposure concentration, exposure time, 
and biopersistence. Crocidolite induces mesothelioma at a high rate, and the relative 
mesothelioma risk for crocidolite, amosite, and chrysotile is a ratio of 500:100:1. 
Crocidolite is an iron-rich asbestos mineral that catalyzes the generation of reactive 
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Fig. 12.1  Annual asbestos import and mesothelioma-associated deaths in Japan (death certificates 
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oxygen species in the presence of hydrogen peroxide and superoxide. Active oxy-
gen and nitrogen species created by the surface charge on iron-rich fibers damage 
mesothelial cells. The shape of the fibers is also important. Fibers having a diameter 
of >0.25 μm and a length of ≥8 μm have the highest carcinogenic potency. These 
long thin asbestos fibers physically associate with the mitotic spindle apparatus in 
dividing cells to prevent proper segregation of chromosomes, resulting in chromo-
some damage [8]. Asbestos exposure may induce cytokine response to promote 
local and systemic immunosuppression. In addition, asbestos activates epidermal 
growth factor and mitogen-activated protein kinase signaling, thereby increasing 
the expression of transcription factors nuclear factor-kappa B (NF-κB) and activator 
protein 1 [9].

Fibrous minerals besides asbestos can also cause mesothelioma in humans. 
Erionite differs substantially from asbestos in terms of its structure and chemical 
composition. Moreover, its carcinogenic activity is higher than that of chrysotile 
and crocidolite. Erionite is classified as an IARC group 1 carcinogen in humans. 
Erionite has a very large surface area, most of which is internal. This internal area 
is connected with its fiber surface through tiny pores. These surface pores allow the 
passage of cations but are too small to allow the passage of large antioxidant mole-
cules, which are produced to counteract the toxic effects of reactive oxygen species, 
to the most active regions of the fiber. Blockade of the surface pores with isopentane 
reduces the cytotoxicity of erionite by 50% [10]. Some villages in the Cappadocian 
region of Turkey show an extremely high incidence of malignant mesothelioma 
because erionite is present in volcanic tuffs used to cut blocks for building houses in 
these villages. Moreover, epidemiological and experimental studies have confirmed 
the high potential of erionite to induce malignant mesothelioma.

Table 12.1  Chemical properties of fibrous minerals implicated to cause mesothelioma

Fiber 
type Name Chemical formula

Carcinogenic 
potentiala

Amphibole
Crocidolite (blue asbestos)a

Amosite (brown asbestos)a

Na2(Fe3+)2(Fe2+)3Si8O22(OH)2

(Mg < Fe2+)7Si8O22(OH)2

+++

++

Tremolite Ca2Mg5Si8O22(OH)2

Anthophyllite Mg7Si8O22(OH)2

Actinolite Ca2(Mg, Fe2+)5 Si8O22(OH)2

Serpentine
Chrysotile (white asbestos)a Mg6Si4O10(OH)3 +

Fibrous zeolite
Erionite (K2Na2Ca)MgAl8Si28O72·28H2O +++

aCommercial asbestos; specific ratio of relative risk for mesothelioma is 1 for chrysotile, 100 for 
amosite, and 500 for crocidolite
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12.5  �Molecular Pathogenesis of Malignant Mesothelioma

Genomic studies are limited for a small number of samples because mesothelioma 
is a rare tumor. Moreover, it is difficult to trace sequential accumulation of genetic/
epigenetic alterations leading to mesothelioma development. Even though it has 
lagged behind other common malignancies, many researches to understand molecu-
lar pathogenesis have been done: cytogenetic testing, copy number analysis, 
genomic DNA sequencing, gene expression and epigenetic regulation analysis, 
transcript variant search, microRNA and noncoding RNA analysis, etc. Innovative 
molecular techniques, including next-generation sequencing (NGS), have provided 
new information on mutations associated with the development of malignant meso-
thelioma. However, results of these analyses do not provide information for devel-
oping effective molecular therapies to remarkably improve patient prognosis.

12.5.1  �Chromosomal Changes

Cytogenetic testing can detect gain or loss of chromosomes or chromosome frag-
ments. Cytogenetic analysis and classical comparative genomic hybridization 
(CGH) analysis (resolution: approximately 2–10 Mb) of malignant mesothelioma 
have detected complex and heterogeneous chromosomal changes and more loss of 
genetic material than gain in mesothelioma tissues. Loss of chromosomes 1p, 3p, 
4q, 6q, 9p, 13, 14q, and 22 has been detected in majority of abnormal cases [11, 12]. 
The recurrent pattern of chromosomal loss suggests that these chromosomal regions 
correspond to locations of tumor suppressor genes whose loss or inactivation may 
play a pivotal role in mesothelioma tumorigenesis. Increased commercial availabil-
ity of high-density oligonucleotide and single-nucleotide polymorphism (SNP) 
arrays has facilitated their use (average space between probes is approximately 
3–8 kb for high-density oligonucleotide or SNP arrays). Development of array CGH 
confirmed that frequent homozygous deletion occurred in the genes CDKN2A/2B 
(cyclin-dependent kinase inhibitor 2A/2B) at 9p21.3, and the minimal common 
region of 22q loss carried NF2 (neurofibromin 2) [13]. However, these two genes 
are the only driver genes known to be present in the genomic instability regions in 
malignant mesothelioma tissues to date. Significance of 3p21 deletion in malignant 
mesothelioma is under investigation. In 2011, a study found that BAP1 is inactivated 
by somatic mutations [14]. The minimal common deletion region at 3p21.1 carry 
BAP1 and PBRM1 et al., but not RASSF1A and TUSC2 that are lost in lung, breast, 
kidney and other cancers at 3p21.3 [15]. The genomic pattern of peritoneal meso-
thelioma is similar to that of pleural mesothelioma [16]. Recent studies targeting the 
3p21 region by performing high-density array CGH (average probe interval: 254 bp) 
have detected multiple minute simultaneous biallelic deletions in this region, espe-
cially in  BAP1 (8/33, 24%), SETD2 (7/33, 21%), PBRM1 (3/33, 9%), and SMARCC1 
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(2/33, 6%) [17] (Fig. 12.2). In all, 46 genes in this region were found to contain 
biallelic deletions in at least one biopsy specimen out of 33 mesothelioma speci-
mens examined; break points of these genomic deletions were different in different 
cases. Many of these deletions were not contiguous but alternated with segments 
showing oscillating copy number changes along the 3p21 region. This may be 
because of chromothripsis (derived from the Greek word “chromos” for chromo-
some and “thripsis” for shattering into pieces) [18], a phenomenon characterized by 
numerous genomic rearrangements caused by a single catastrophic event in multi-
ple cancer samples.

The frequency of micronuclei formation is significantly higher in peripheral 
blood lymphocytes of patients with malignant mesothelioma than in peripheral 
blood lymphocytes of patients with lung cancer and benign respiratory diseases or 
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Fig. 12.2  Segmental copy number loss detected in the 3p21 region by performing high-density 
array CGH. (a) Self-self, which indicates the same genomic DNA, was used for labeling both Cy5 
and Cy3 in the array CGH analysis and shows the performance of the array without any genetic 
signal. Representative copy number change in two mesothelioma specimens. Copy number is 
shown as a log2 ratio. Regions showing biallelic deletion are marked in red. (b) Frequency of bial-
lelic deletion in 251 genes in the 3p21 region in 33 mesothelioma specimens. The genes have been 
aligned along the genome location on the vertical axis. The horizontal blue bars represent each of 
the 46 genes, and the length of the bar represents case frequency that showed biallelic deletions. 
Number of patients with a given biallelic deletion is shown on the Y-axis
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healthy control subjects [19]. Micronucleus is the small nucleus that forms after 
failing to attach properly to the mitotic spindle and resulting not to be incorporated 
into one of the daughter nuclei during cell division. Micronuclei formation is 
thought to be an indicator of genotoxic events and chromosomal instability. A study 
has proposed that chromothripsis induces micronuclei formation [20].

12.5.2  �Driver Genes Associated with Mesothelioma 
Development

Integrative OncoGenomics database (https://www.intogen.org/), a database of 
mutational cancer driver genes, shows that the top 5 mutated genes in 28 cancer 
types (6792 samples) are TP53, PIK3CA, KRAS, BRAF, and PTEN. Malignant 
mesothelioma rarely shows mutations in most of the well-known driver genes, 
including the abovementioned genes, but show abundant chromosomal 
abnormalities.

12.5.2.1  �CDKN2A Deletion

Inactivation of CDKN2A, a tumor suppressor gene, is associated with the develop-
ment of several cancer types. Homozygous deletion of 9p21.3 is the most frequently 
detected genetic alteration in malignant mesothelioma and occurs in >90% cell lines 
established from malignant mesothelioma. The deleted region contains CDKN2A 
and CDKN2B and often methylthioadenosine phosphorylase (MTAP) and MIR31 
present in adjacent regions. Transcription of CDKN2A produces three alternatively 
spliced variants that encode distinct proteins. Two encode structurally related iso-
forms, p16INK4A and p16gamma, and inhibit CDK4 kinase to prevent phosphory-
lation of the retinoblastoma protein (RB). The remaining transcript, which contains 
an alternate first exon located 20-kb upstream of the remainder of the gene, encodes 
an alternate reading frame (ARF) protein p14ARF. This protein stabilizes tumor 
suppressor protein p53 by interacting with E3 ubiquitin-protein ligase MDM2. 
Proteins encoded by this gene play an essential role in regulating cell cycle and 
senescence through two major tumor-suppressing pathways of RB and p53. In 
malignant mesothelioma, CDKN2A is inactivated mainly through deletion and less 
frequently through methylation [21] or heterozygous deletion/point mutation.

Mice lacking CDKN2A show expected Mendelian distribution and normal devel-
opment, except for thymic hyperplasia [22]. Asbestos exposure induces iron over-
load. A rat model of iron-induced peritoneal mesothelioma was established by 
repeatedly injecting iron saccharate and nitrilotriacetate, an iron chelator, intraperi-
toneally; this mouse model showed homozygous deletion of CDKN2A/2B [23]. 
Results obtained using this mouse model suggest that oxidative stress induces the 
homozygous deletion of CDKN2A/2B, suggesting that it is a major target gene in 
mesothelioma development.
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Several studies have assessed the homozygous deletion of CDKN2A for diagnos-
ing mesothelioma. Fluorescence in situ hybridization (FISH) of CDKN2A is useful 
for differentiating between reactive and normal mesothelioma cells in pleural effu-
sion smears.

Homozygous deletion of CDKN2A can be used for diagnosing malignant meso-
thelioma by using a combination of morphological markers specific to mesotheli-
oma, including cell-in-cell engulfment with or without hump formation, 
multinucleate cell formation, and large berrylike cell aggregate formation [24]. 
Results of this study showed that 80/93 (86.0%) cases of sporadic mesothelioma 
showed homozygous deletion of CDKN2A and 15/93 (16.1%) cases of sporadic 
mesothelioma showed heterozygous deletion of CDKN2A by setting the cutoff 
value of homozygous/heterozygous deletion of this gene, namely, no deletion posi-
tive in reactive mesothelial cells, by FISH examination. In this condition, the overall 
survival of patients with mesothelioma who show homozygous CDKN2A deletion 
(n = 24) is significantly lower than that of patients with mesothelioma not showing 
CDKN2A deletion (n = 5, p = 0.0002). Also, low homozygous deletion/high hetero-
zygous deletion cases (n = 5) had a significantly better prognosis than homozygous 
deletion (≥30%) cases (n = 17; p = 0.011) [25].

12.5.2.2  �Inactivation of NF2 and Hippo Pathway

The NF2 gene responsible for neurofibromatosis type 2 familial cancer syndrome, 
which is the most frequently mutated gene detected in mesothelioma, is located at 
chromosome 22q12. Homozygous or heterozygous deletion or point mutations 
inactivate this gene in 40–50% patients with malignant mesothelioma [26, 27]. 
NF2-encoded protein merlin, which contains a FERM domain, specifically binds to 
several target proteins localized both in the cytoplasm and nucleus. NF2 acts 
upstream of SAV1, LATS1/2, and yes-associated protein (YAP) in Hippo tumor 
suppressor pathway. This pathway plays vital roles in regulating organ size, cell 
contact inhibition, stem cell function, and regeneration. Disruption of the Hippo 
pathway inhibits the phosphorylation of YAP transcriptional cofactor, which then 
translocates to the nucleus. YAP interacts with a TEA domain-containing transcrip-
tion factor to promote the transcription of cell proliferation-associated and anti-
apoptotic genes.

NF2 homozygous mutant mice die early during embryonic development [28]. 
Hemizygous mice do not show clinical features of human NF2, a tumor spectrum 
that differs significantly from that observed in NF2 patients [29]. Intraperitoneal 
injection of crocidolite fibers in NF2 heterozygous knockout mice induces mesothe-
lioma development at a higher frequency than that in their wild-type counterparts 
[30]. Mesothelioma cell lines established from neoplastic ascites obtained from 
these heterozygous knockout mice do not express merlin because of the loss of the 
wild-type NF2 allele. These results indicate an association between asbestos expo-
sure and NF2 inactivation in mesothelioma oncogenesis. SiRNA-induced knock-
down of NF2 and transfection of the gene encoding phosphorylation-resistant YAP 
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(constitutively active) into immortalized human mesothelial cells promote their 
transformation to mesothelioma-like tumor cells after subcutaneous transplantation 
into nude mice [31]. This suggests that activated YAP plays a crucial role in onco-
genic transformation.

Deletions and mutations in SAV1 and LATS2 are also observed in malignant 
mesothelioma cells [32]. Established 61 mesothelioma primary cultures showed the 
altered LATS2 gene by point mutations and exon deletions in 11% of malignant 
mesothelioma [33]. In addition, coexisting mutation in LATS2 and NF2 was detected 
in the same mesothelioma specimens. The patient subgroup showing the similar 
gene expression pattern with ones having mutations in both genes presented a poor 
prognosis, but tumors of this subgroup showed higher sensitivity to dual PI3K/
mTOR inhibitor (PF-04691502) [33]. Because LATS2 and NF2 are susceptible to 
exon-level deletion, the frequency of Hippo pathway disruption may be higher in 
malignant mesothelioma than that determined previously by performing sequence 
analysis of DNA obtained from tumor specimens. Studies with this pathway would 
hide the possibility of causing a new therapeutic strategy.

12.5.2.3  �BAP1 Mutation and Tumor Predisposition Syndrome

BAP1 encodes a nuclear ubiquitin carboxy-terminal hydrolase, which functions as a 
deubiquitinating enzyme. BAP1 has gained attention because it frequently shows 
somatic mutations in malignant mesothelioma and melanoma cells and because 
germline mutations in this gene are associated with a new tumor predisposition 
syndrome. Frequent somatic mutations in BAP1 have been observed in highly meta-
static uveal melanomas; exome sequencing detected 26 of 31 (84%) metastasizing 
tumors and one of them was germline in origin [34]. Studies focused on the fre-
quently deleted 3p21 region in malignant mesothelioma detected somatic BAP1 
mutations in 12 of 53 (23%) [14] and 14 of 23 (61%) tumor specimens [35]. The 
frequency of BAP1 inactivation varies in malignant mesothelioma, with 20–30% 
inactivation frequency being determined by performing Sanger sequencing or NGS 
[14, 36] and higher frequency (>60%) being determined using integrated genomic 
approaches that combine sequencing with array CGH, multiple ligation-dependent 
probe amplification (MLPA), and immunohistochemistry [35, 37, 38]. Studies that 
assess cancer biopsy specimens by almost exclusively performing DNA sequenc-
ing, especially NGS, tend to overlook exon-level or whole-gene deletions. Somatic 
BAP1 mutations occur predominantly in epithelioid or biphasic-type malignant 
mesothelioma [35, 39].

Germline BAP1 mutations in two families with a high incidence of malignant 
mesothelioma and additional somatic alterations of this were identified in 2011, and 
the families were characterized as having mesothelioma and uveal melanoma [3]. 
Subsequent linkage analysis showed that BAP1 is an inherited susceptibility locus 
on chromosome 3p21. Results of this study indicate that germline alterations affect 
the risk of mesothelioma, a cancer associated with environmental factors. Another 
study detected co-segregating germline mutations in BAP1 in two unrelated families 
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whose different members had melanocytic tumors, uveal melanoma, and cutaneous 
melanoma [40]. Moreover, meningioma, renal cell carcinoma, basal cell carcinoma, 
and other cancers are added to the tumor spectrum of this syndrome. New branches 
of families carrying BAP1 mutations were identified by screening patients with a 
family history of multiple mesotheliomas and melanomas and/or multiple cancers 
caused by germline BAP1 mutation; this screening identified four families that 
shared the same BAP1 mutation [41]. These studies identified carriers of high-risk 
germline BAP1 mutations that will benefit from genetic counseling and screening 
for early cancer detection. BAP1 tumor predisposition syndrome is inherited in an 
autosomal dominant manner. Once a germline BAP1 pathogenic variant has been 
identified in an affected family member, prenatal testing should be performed for 
determining the increased risk of this syndrome and preimplantation genetic 
diagnosis.

Earlier studies showed that BAP1 binds to the RING finger domain of BRCA1; 
however, recent studies have shown that BRCA1 is not the binding partner of BAP1 
[42]. This contains binding domains for HCFC1, chromatin-associated transcrip-
tional regulator regulating cell proliferation. Calypso, a Drosophila Polycomb 
group gene, also encodes the ubiquitin carboxy-terminal hydrolase BAP1. 
Biochemically purified calypso exists in a complex with Polycomb group protein 
ASX.  In Drosophila, this complex (called Polycomb repressive deubiquitinase 
[PR-DUB]) binds to target genes belonging to the Polycomb group [43]. 
Reconstituted recombinant Drosophila and human PR-DUB complexes, containing 
human BAP1 and ASXL1, remove monoubiquitin from histone H2A but not from 
H2B in nucleosomes. Drosophila mutants lacking PR-DUB show increased levels 
of monoubiquitinated H2A. A mutation that disrupts the catalytic activity of calypso 
or absence of ASX abolishes H2A deubiquitination in  vitro and represses the 
expression of HOX genes, which are master regulators of embryonic development, 
in vivo [43].

BAP1 deletion in mice induces embryogenic lethality. However, systemically or 
hematopoietically restricted BAP1 deletion in adults recapitulates features of human 
myelodysplastic syndrome [44]. Unexposed mice showing BAP1 heterozygous 
deletion do not develop spontaneous mesothelioma [45]. However, the frequency 
and rate of mesothelioma development are significantly higher in BAP1+/− mice 
exposed to asbestos than in their wild-type littermates.These findings suggest that 
high penetrance of malignant mesothelioma requires environmental exposure to 
asbestos or other carcinogenic fibers. Mesothelioma cells from BAP1+/− mice show 
biallelic inactivation of BAP1. It is interesting that mesothelioma from BAP1+/− 
mice did not require homozygous loss of CDKN2A unlike in wild-type mice.

12.5.2.4  �Comprehensive Analysis of Genomic Alterations

Whole-exome studies (WES) have shown that each mesothelioma biopsy specimen 
has specific mutations and rarely has driver mutations. Two recent studies provided 
similar results. One study detected 490 mutated genes in 22 frozen biopsy 
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specimens of mesothelioma; of these, 477 (97%) genes were mutated only in one 
biopsy specimen, with an average of 23 mutations per sample (range, 2–51) [46]. 
The other study was a WES (99 specimens) and identified an average of 24 ± 11 
(mean ± s.d.) protein-coding alterations per sample; targeted NGS (460 genes in 
103 cases of mesothelioma) performed in this study showed that majority of the 
detected mutations (85%; 2144/2529 protein-altering somatic mutations) were 
novel [47]. Mutations in human cancers range from as low as one base substitution 
per exome (<0.1/Mb) in some pediatric malignancies to several mutations per 
exome (~100/Mb) in adult malignancies such as lung cancer and melanoma [48]. 
Low level of mutations detected by NGS in malignant mesothelioma is unexpected 
and highly unusual. NGS often cannot detect medium- and large-sized DNA dele-
tions (>30 bp), and conventional whole-genome array CGH cannot detect small- 
and medium-sized deletions (<3000  bp) in tumor biopsy specimens. Moreover, 
these analyses overlook genomic deletions of 30 and 3000 bp. Results of combined 
high-density array CGH (average probe interval: 254 bp in the 3p21 region) and 
targeted NGS showed that frequencies of biallelic deletions in BAP1, SETD2, 
PBRM1, and SMARCC1 were equal to or higher than those of sequence-level muta-
tions [17]. Genomic alterations in mesothelioma usually include genomic rear-
rangements that induce complex and multiple deletions. Digital MLPA, which 
analyzes the copy number of approximately 600 exons simultaneously by using 
NGS-based MLPA, might be a reliable method for high-throughput detection of 
multiple segmental deletions in small amounts of DNA in mesothelioma 
specimens.

A study in 2016 that performed comprehensive NGS, including transcriptome 
(n = 211), whole-exome (n = 99), and targeted exome analyses (n = 103), of 216 
pleural malignant mesothelioma specimens provided new information about 
somatic mutations. For sequence-level alterations, significantly mutated genes 
(q-score, ≥0.8) were BAP1 (23%, 46/202), NF2 (19%, 38/202), TP53 (8%, 17/202), 
SETD2 (8%, 17/202), DDX3X (4%, 8/202), RYR2 (4%, 4/99), CFAP45 (3%, 3/99), 
SETDB1 (3%, 7/202), ULK2 (1%, 3/202), and DDX51 (1%, 3/202) [47]. Moreover, 
this study identified mutations in SF3B1 at a frequency of ~2% (4/216); these muta-
tions were associated with specific alterations in mRNA splicing.

12.5.3  �Aberrant Transcriptional Regulation

Studies have been performed to identify biomarkers for diagnosing and histologi-
cally classifying mesothelioma by using transcriptome analysis; however, a defini-
tive diagnostic tool has not been established to date. Moreover, studies determining 
molecular targets for mesothelioma treatment are ongoing. Because mutations in 
genes encoding proteins associated with histone modification and chromatin remod-
eling, including BAP1, SETD2, and PBRM1, occur predominantly in mesothelioma, 
diverse gene expression changes induced by aberrant epigenetic regulation can be 
easily estimated.
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12.5.3.1  �Deregulated Gene Expression

Majority of deregulated genes in malignant mesothelioma belong to the following 
pathways: angiogenesis, cell adhesion, p53 signaling, integrin signaling, MAPK 
signaling, apoptosis, and cell cycle regulation. These genes play a crucial role in 
cancer development and progression but are deregulated in many cancers. Gene 
expression patterns of not only one or a few genes but of a special set of genes have 
been used for the differential diagnosis of mesothelioma. A set of 26 genes selected 
from 4 gene ratio-based tests showed high sensitivity and specificity to individually 
distinguish malignant pleural mesothelioma from (1) normal pleura, (2) sarcoma, 
(3) renal cell carcinoma, and (4) thymoma [49]. A recent study showed that two 
gene sets, one containing 22 genes and the other containing 40 genes, selected from 
117 genes identified in previous studies could differentiate between malignant and 
benign pleural proliferations [50].

12.5.3.2  �Fusion Transcripts and Altered Splicing

Recurrent gene fusions are usually associated with oncogenic activation. Gene 
fusions involving tumor suppressor genes have been recently reported in mesothe-
lioma (13 fusions involving NF2, 7 involving BAP1, 8 involving SETD2, 7 involv-
ing PBRM1, 2 involving PTEN, and 6 involving other genes, as determined by 
performing transcriptome analysis; n = 211) [47]. The same study also identified 
aberrant splicing variants. Many of these fusions or aberrant splicing variants were 
derived from genes in chromosome regions 22q12, 3p21, 9p21.3, and 13q12, which 
are frequently deleted in malignant mesothelioma. These gene regions may be dep-
redated by chromothripsis, leading to extensive rearrangement that produces fusion 
genes or aberrant splicing variants.

12.5.3.3  �Altered Expression of MicroRNAs and New Biomarkers

MicroRNAs (miRNAs) are short noncoding RNAs containing approximately 18–22 
nucleotides and function as posttranscriptional regulators of gene expression. 
Expression of miRNAs is dysregulated in human cancers through various mecha-
nisms, including amplification or deletion of miRNA genes, abnormal transcrip-
tional control of miRNAs, dysregulation of epigenetic changes, and defect in 
biogenesis components. Expression of miRNAs is globally suppressed in malignant 
mesothelioma similar to that in other cancer types. Expression of miR-31 is reduced 
in most patients with mesothelioma because of the deletion of its encoding gene 
along with that of CDKN2A in 9p21.3 region [51]. Expression of miR-34b and miR-
34c, which share a common primary transcript, is silenced by methylation in major-
ity (85%) of patients with malignant mesothelioma [52]. Members of miR-34 family 
mediate p53-induced tumor suppression. MiRNA mimics are small, double-stranded 
RNA molecules that mimic endogenous mature miRNAs when transfected into 
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cells. Mimics of miR-31 and miR-34b/c reduce cell growth through cell cycle arrest 
and inhibit cell migration and invasion, respectively [51, 52]. Expression of miR-
NAs belonging to miR-15 family is significantly downregulated in malignant meso-
thelioma compared with that in normal pleura [53]. The miR-15 family includes 
related mir-15a and mir-15b as well as miR-16-1, miR-16-2, miR-195, and miR-
497. Mimics of miR-15a, miR-15b, and miR-16 inhibit malignant mesothelioma 
cell proliferation and induce cell cycle arrest and apoptosis by regulating target 
genes, including CCND1 and BCL-2 [53]. Expression of miRNAs belonging to 
miR-193a-3p and miR-200 families is significantly downregulated in malignant 
mesothelioma specimens compared with that in normal pleura. Transfection of 
malignant mesothelioma cells with a miR-193a-3p mimic inhibits their growth and 
induces their apoptosis and necrosis by decreasing the expression of antiapoptotic 
protein MCL1 [54]. However, these finding should be validated independently to 
determine the true diagnostic value of changes in the expression of these miRNAs. 
Several studies have focused on identifying blood-based diagnostic markers. 
Decreased levels of miR-103  in the peripheral blood of patients with malignant 
mesothelioma might be a useful biomarker [55]. Levels of miR-126 are signifi-
cantly lower in the serum samples of patients with malignant mesothelioma than in 
those of asbestos-exposed or healthy control subjects [56]. However, these findings 
should be validated in further studies.

12.6  �Pathology of Malignant Pleural Mesothelioma

Malignant pleural mesothelioma can be divided into three distinct histological 
types, namely, epithelioid, biphasic, and sarcomatoid mesothelioma, with relative 
frequencies of 60%, 30%, and 10%, respectively. Pathological pattern is the most 
important prognostic factor of mesothelioma; patients with a pure epithelioid histol-
ogy show the best prognosis, those with a pure sarcomatoid histology show the 
poorest prognosis, and those with a biphasic pattern show an intermediate progno-
sis. Pathologically, mesothelioma is diagnosed based on H&E staining and immu-
nohistochemical analysis of positive and negative mesothelioma markers. Positive 
markers include calretinin, cytokeratin 5/6, WT-1, and D2-40, and negative markers 
include CEA, Ber-EP4, TTF-1, MOC-31, and Leu-M1.

12.7  �Clinical Presentation: Staging and Clinical Features

The pleura forms a continuous layer over the thoracic structures and is divided into 
parietal and visceral pleura. The parietal pleura lines the thoracic wall, diaphragm, 
and mediastinum, and the visceral pleura covers the lungs. Both the pleurae meet at 
the hilum as the pulmonary ligament. Because clearance of asbestos fibers occurs in 
the pleural cavity, most mesothelioma researchers believe that malignant pleural 
mesothelioma initially arises from mesothelial cells in the parietal pleura. In the 
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earliest clinical stage, tumors are localized in the parietal pleura of the hemithorax and 
not on the visceral pleura (T1a). Subsequently, tumors deposit on the visceral pleural 
surface (T1b). In advanced-stage mesothelioma, tumors grow diffusely in the visceral 
and parietal pleura, including the interlobar fissure (T2) (Fig. 12.3). In the eighth edi-
tion of TNM classification proposed by IASLC in 2016, T1a and T1b are collapsed 
into a single T1 category because no significant difference was observed in survival.

Most patients with early clinical stage of malignant pleural mesothelioma with-
out symptom are discovered through the incidental observation of a pleural effusion 
or pleural thickening on chest X ray in high-risk group. Chest pain and shortness of 
breath are the most common clinical symptoms at the onset of mesothelioma. 
Mesothelioma cells form dissemination sites at a high rate along needle tracts and 
surgical wounds and then form palpable subcutaneous tumor nodules. 
Transdiaphragmatic extension to the liver and peritoneum is common. T3 indicates 
a locally advanced but potentially resectable tumor, and T4 indicates a very locally 
advanced and technically unresectable tumor.

12.8  �Conclusion

Asbestos and non-asbestos fibrous minerals are strongly associated with the devel-
opment of mesothelioma. Molecular mechanism underlying the development of 
mesothelioma has not been clearly understood despite intensive efforts. The finding 

Visceral pleura

Parietal pleura

Confluent pleural tumor
with no free pleural surface

Confluent growth

mesothelioma in situ T1a T1b T2T0

・Tumor involves the visceral pleura;
    both pleural surfaces

・Tumor only involves the ipsilateral parietal pleura
    and not the visceral pleura 

Growth of malignant pleural mesothelioma (T1～T2)

Tumor involves both pleural
surfaces with a free pleural
space and a large effusion

Small nodules present
only parietal pleura 

Large pleural effusion
makes mediastinal shift

Fig. 12.3  Tumor growth of malignant pleural mesothelioma. T1a and T1b are International 
Mesothelioma Interest Group (IMIG) T-categories that are collapsed into a single T1 category in the 
eighth TNM classification proposed by IASLC (2016)
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that mesothelioma develops as a familial cancer syndrome with a BAP1 germline 
mutation is surprising. Some mesothelioma susceptibility genes may contribute to 
the development of this rare neoplasm. A better understanding of molecular mecha-
nisms underlying the pathogenesis of mesothelioma is important to develop curative 
treatment strategies for this devastating neoplasm.
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Chapter 13
Genetic Factors in Sleep Disorders:  
What Are the Roles of Genetic Factors 
in the Pathogenesis of Sleep Disorders?

Kiminobu Tanizawa and Kazuo Chin

Abstract  Most normal sleep traits and sleep disorders have a familial aggregation, 
suggesting significant effects of genetic factors. Obstructive sleep apnea (OSA) is a 
common and complex sleep disorder and has heritability. A recent genome-wide 
association study (GWAS) identified some genetic risks for OSA with genome-wide 
levels of significance for the first time. Congenital central hypoventilation syndrome 
has causative mutations in the paired-like homeobox 2B (PHOX2B) gene, and its 
phenotypes are associated with PHOX2B genotypes. GWASs have revealed several 
genetic variances for restless legs syndrome (RLS), whereas these variances have 
left most of the heritability in RLS unexplained. Narcolepsy is strongly associated 
with HLA DQ-B1*06:02, and the results of GWASs indicate an autoimmune patho-
genesis of narcolepsy. Insomnia has significant heritability, and findings of GWASs 
have suggested common genetic predispositions with psychiatric disorders and 
sleep reactivity. Familial fatal insomnia is an autosomal-dominant genetic disorder 
caused by a mutation in the prion protein (PRNP) gene. Although advances in 
genetics have resulted in identification of genetic causes of some sleep disorders, 
further studies are required to elucidate the cellular and molecular mechanisms 
from genetic risks to clinical manifestations.

Keywords  SNP · GWAS · Sleep apnea · Narcolepsy · Restless legs syndrome

13.1  �Introduction

Sleep is a physiological necessity, and inadequate sleep quantity and quality have 
been associated with a wide range of adverse physical, mental, and behavioral out-
comes [1]. Abnormal sleep duration and quality were reported to increase risks for 
obesity, hypertension, metabolic syndrome, type 2 diabetes, cardiovascular disease, 
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stroke, and even cancer [2]. Sleep disturbances have been associated with psychiat-
ric disorders, suicides, accidents, injuries, reduced quality of life, and increased 
mortality [2].

A variety of sleep disorders have been reported, because sleep is a complex phe-
nomenon with several traits such as recurrent behaviors, characteristic electroen-
cephalogram (EEG) patterns, timing of the initiation and completion of sleep during 
24  h, and responses to deprivation [3]. The recent international classification, 
International Classification of Sleep Disorders – Third Edition (ICSD-3), includes 
more than 60 sleep disorders [4]. ICSD-3 classifies sleep disorders into seven major 
categories: insomnias, sleep-related breathing disorders, central disorders of hyper-
somnolence, circadian rhythm sleep-wake disorders, sleep-related movement disor-
ders, parasomnias, and other sleep disorders.

Normal sleep traits and sleep disorders have been considered to be affected by 
genetic factors as well as comorbidities and environmental factors, although there is 
no single gene for sleep [3, 5]. The investigations of genetic effects on sleep began 
with comparative studies of EEG patterns between monozygotic twins, dizygotic 
twins, and unrelated controls [6–8]. These studies showed that the spectral charac-
teristics of EEGs were more similar in monozygotic twins, suggesting the heritabil-
ity of EEG patterns during normal sleep. Several studies that followed revealed that 
many sleep parameters and sleep disorders are heritable, including sleep duration, 
chronotype, obstructive sleep apnea, restless legs syndrome, insomnia, parasomnia, 
and neurobehavioral response to sleep deprivation [5]. Based on the inheritability 
established in twin and family studies, the genetic risks for individual sleep disor-
ders have been explored through linkage analysis, candidate gene analysis, and 
hypothesis-free genome-wide association studies (GWASs) [3, 5]. In some sleep 
disorders, identification of candidate genes has provided insights into the pathogen-
esis of diseases, although most of the cellular and molecular mechanisms remain 
uncovered.

This chapter will provide clinicians and researchers with a current overview of 
genetics in sleep disorders. Sleep disorders are often accompanied by congenital, 
neurological and psychiatric disorders, such as sleep disordered breathing in Prader-
Willi syndrome and insomnia in depression [9–11]. Those sleep disorders assumed 
to be secondary to other underlying diseases or conditions are beyond the scope of 
this chapter, although the causative relationships between underlying diseases and 
sleep disorders have been unrevealed in most cases.

13.2  �Obstructive Sleep Apnea

Obstructive sleep apnea (OSA) is one of the most common sleep disorders with a 
prevalence of around 15% in men and 5% in women [12–14]. OSA is characterized 
by repeated episodes of pharyngeal collapse leading to partial or complete obstruc-
tion of the upper airways during sleep. This disorder is associated with an increased 
risk for many adverse health outcomes, including cardiovascular events, 
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hypertension, diabetes, metabolic syndrome, obesity, atrial fibrillation, stroke, cog-
nitive impairment, motor vehicle accidents, and even mortality [15–24]. Repeated 
episodes of nocturnal apnea or hypopnea cause intermittent hypoxia, sympathetic 
activation, and sleep fragmentation, which are supposed to result in various out-
comes [25, 26]. As OSA is a complex disorder with multiple predisposing factors 
such as obesity, age, male sex, and craniofacial abnormalities, it is unlikely that a 
single genetic predisposition can account for all of these traits [3]. On the other 
hand, some of the predisposing factors, including anatomic abnormalities and obe-
sity, would be determined genetically [27].

Genetic studies of OSA began with studying familial forms of OSA. The preva-
lence of OSA in first-degree relatives of patients with OSA was reported to range 
between 21% and 84%, and the estimated odds ratio ranged from 2 to 46 [28–30]. 
Symptoms and anatomical risk factors were also shown to be inheritable [5]. As a 
whole, inherited factors were likely to account for about 40% of the risk [28]. On the 
other hand, obesity, a significant risk factor for OSA, also has a high familial aggrega-
tion. Twin and family studies revealed that the estimated heritability of body mass 
index (BMI) was 50–90% and 20–80%, respectively [31, 32]. The Cleveland Family 
Study (CFS) addressed this issue for the first time and demonstrated that the first-
degree relatives of patients with OSA and obesity had an independent risk for pediat-
ric and adolescent OSA as did African-American ethnicity [33]. Another family study 
including participants with BMI <30 (without obesity) showed that maxillofacial 
anatomy was a significant trait that contributed to familial aggregation of OSA [34]. 
In whites and African-Americans in the CFS, the heritability of AHI was 36.3% and 
32.3%, respectively, and decreased to 32.3% and 23.7% after adjustment for BMI 
[35, 36]. The corresponding estimates for BMI were 52.8% for whites and 53.7% for 
African-Americans, and those for upper airway dimensions were 34% for whites and 
39% for African-Americans [37]. A recent population-based study in Brazil reported 
that the heritability of the apnea-hypopnea index (AHI), the index for the severity of 
OSA, was 23–25% in a rural population with low levels of obesity [38].

Despite of high heritability, thus far no linkage analysis or candidate gene anal-
ysis has identified risk loci with a genome-wide level of statistical significance 
(P < 5 × 10−8) [5, 39]. Several candidate loci or genetic variants were reported in 
individual studies. Reported candidate genetic variances for OSA include those in 
APOE (apolipoprotein E), CRP (C-reactive protein), GDNF (glial cell-line derived 
neurotrophic factor), HTRA2A (serotonin receptor 2a), LPAR1 (lysophosphatidic 
acid receptor 1), PLEK (pleckstrin), PTGER2 (prostaglandin E2 receptor), 
PPARGC1B (peroxisome proliferator-activated receptor gamma coactivator 
1-beta), NRG1 (neuregulin 1), FTO (fat mass and obesity-associated protein), 
TRABD2B (TraB domain containing 2B), SLC6A4 (solute carrier family 6 member 
4), LEPR (leptin receptor), and TNF (tumor necrosis factor) [3, 5, 39–41]. However, 
most studies were underpowered with small sample sizes, and the results were not 
replicated across races and studies. To overcome the small sample size, some 
meta-analyses were conducted (Table 13.1) [42–46]. These meta-analyses identi-
fied some candidate genes, but the statistical significance did not reach a genome-
wide level.
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There have been two GWASs on OSA so far (Table  13.2) [41, 47]. The first 
GWAS was conducted using the cohorts of the National Heart, Lung, and Blood 
Institute (NHLBI) sponsored Candidate Gene Association Resource (CARe) project 
[47]. It identified different genetic variances associated with OSA and AHI for 
African-Americans and individuals of European ancestry, although no variance met 
a genome-wide level of statistical significance. The second GWAS, published in 
2016, reported the first genome-level significant findings for OSA-related physio-
logic traits in any population [41]. This study is the largest genetic analysis of OSA 
to date in any population and utilized genome-wide data from as many as 12,558 
individuals focusing exclusively on Hispanic/Latino Americans. Of note, several 

Table 13.1  Results of meta-analysis for the associations between genetic variances and obstructive 
sleep apnea

Authors 
[reference]: 
participants Gene Variance

Cases/
controls

Odds ratio  
(95% CI)

Heterogeneity
PQ/I2

P 
value

Varvarigou et al. 
[42]: all

TNFA rs1800629 309/370 1.82 (1.26–2.61) 0.25/28% 0.001

Xu et al. [43] 5-HTR 1438G/A 466/551 2.33 (1.48–3.66) 22.96/83% <0.01
5-HTR and 
5-HTT

5-HTT LPR L/S 593/479 1.24 (1.04–1.49) 0.02/0% 0.02

STin2 
VNTR 
10/12

593/479 2.87 (1.38–5.97) 10.18/80% <0.01

Qin et al. [44] 5-
HT2A

1438G/A 728/566 2.33 (1.49–3.66) 0/82.0% NR

5-HT2A, 5-HTT, 
and LEPR

5-HTT LPR S/L 521/755 0.80 (0.67–0.95) 0.995/0% NR

STin2 
VNTR 
10/12

521/755 2.08 (1.58–2.73) 0.346/9.4% NR

LEPR GG/AA 292/167 0.39 (0.17–0.88) 0.818/0.0% NR
Sun et al. [45] TNFA 308G/A 864/430 2.15 (1.39–3.31) 0.18/36.9% NR
Chinese 
population

5-HTT LPR S/L 596/756 1.32 (1.12–1.55) 0.80/0% NR

STin2 
VNTR 
10/12

572/708 1.86 (1.12–3.08) 0.03/66.5% NR

APOE NR 436/562 1.79 (1.10–2.92) 0.86/0% NR
Lv et al. [46] LEPR Gln 223 Arg 102/77 0.35 (0.14–0.85) NR 0.02
Leptin and 
LEPR

(Only in 
European)

Abbreviations: PQ p-value for chai-squared-based Q statistical test, I2 I-squared index, CI confi-
dence interval, TNFA tumor necrosis factor-α, 5-HTR 5-hydroxytryptamine receptor, 5-HTT 
5-Hydroxytryptamine transporter, LPR S/L linked promoter region short or long, STin2 VNTR 
serotonin transporter intron 2 variable number tandem repeat, LEPR leptin receptor, APOE apoli-
poprotein E, NR not reported
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Table 13.2  Results of genome-wide analysis study for obstructive sleep apnea

Patel et al. [47]

Ethnicity Traits SNP Gene N β (SE) P value

BMI 
adjusted

BMI adjusted

BMI 
unadjusted

BMI 
unadjusted

African-
American

AHI rs7030789 LPAR1 1657 0.109 
(0.023)
0.129 
(0.028)

1.50 × 10−6

4.58 × 10−6

African-
American

AHI rs7972342 ITPR2 1657 −0.113 
(0.024)
−0.134 
(0.030)

2.33 × 10−6 
(6.97 × 10−6)

Ethnicity Traits SNP Gene N OR (95% 
CI)

P value

BMI 
adjusted

BMI adjusted

BMI 
unadjusted

BMI 
unadjusted

African-
American

OSA rs11126184 PLEK 1657 0.43 (0.31, 
0.60)
0.45 (0.33, 
0.62)

1.54 × 10−6

1.41 × 10−6

European 
Ancestry

OSA rs11126184 PTGER3 4699 2.14 (1.58, 
2.90)
1.77 (1.30, 
2.41)

1.01 × 10−6

2.21 × 10−4

Cade et al. [41]
Ethnicity Traits SNP SNPs Genes in N β (SE) P value

In region Region BMI 
adjusted

BMI adjusted

BMI 
unadjusted

BMI 
unadjusted

Hispanic/
Latino

AHI rs116791765 
T

28 GPR83, 
MRE11A, 
LINC01171

11,774 −0.329 
(0.057)
−0.345 
(0.061)

1.90 × 10−8

1.84 × 10−8

AHI rs999944 A 1 12,557 −0.095 
(0.019)
−0.104 
(0.020)

4.53 × 10−7

2.48 × 10−7

Sleep 
SpO2

rs75108997 
A

4 11.809 −0.291 
(0.055)
−0.296 
(0.058)

1.40 × 10−7

3.52 × 10−7

(continued)
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genes in the identified regions have reported biological plausibility such as inflam-
matory, hypoxia signaling, and sleep pathways.

Another unrevealed issue is the effects of genetic factors on the consequences of 
OSA. Some studies suggest different relationships between OSA and cardiovascu-
lar consequences across races [39]. An analysis of National Health and Nutrition 
Examination Survey data showed a stronger association of self-reported OSA with 
hypertension in overweight African-Americans (OR, 4.74; 95% CI, 1.86–12.03) 
than in overweight Hispanic/Latinos (OR, 2.01; 95% CI, 1.16–3.49) or overweight 
whites (OR, 1.65; 95% CI, 1.06–2.57) [48]. In addition, among patients with stroke, 
Hispanics had a higher risk for questionnaire-based OSA than whites and African-
Americans [49]. These racial differences suggest the genetic effects on cardiovascular 
outcomes of OSA, although there has been no prospective study assessing the 
relationship between polysomnographically diagnosed OSA and cardiovascular 

Table 13.2  (continued)

Patel et al. [47]

Sleep 
SpO2

rs116133558 
T

1 ATP2B4 11.351 0.291 
(0.056)
0.231 
(0.059)

2.18 × 10−7

9.09 × 10−5

Average 
event 
duration

rs35424364 
A

3 C6ORF183, 
CCDC162P

10,240 0.030 
(0.006)
0.032 
(0.006)

4.88 × 10−8

1.82 × 10−8

Average 
event 
duration

rs74472562 
T

1 RP11-
45A12.2, 
TSPAN18

10,240 −0.034 
(0.006)
−0.035 
(0.006)

1.05 × 10−7

6.47 × 10−8

Average 
event 
duration

rs2743173 T 1 PLCB1 10,240 0.019 
(0.004)
0.019 
(0.004)

3.85 × 10−7

2.23 × 10−7

Average 
event 
duration

rs72699765 
A

4 AC124997.1 10,240 0.029 
(0.006)
0.029 
(0.006)

3.93 × 10−7

5.20 × 10−8

Average 
event 
duration

rs2033354 T 5 10,240 0.019 
(0.004)
0.019 
(0.004)

4.77 × 10−7

3.65 × 10−7

Abbreviations: SNP, single nucleotide polymorphism; SE, standard error; BMI, body mass index; 
AHI, apnea-hypopnea index; OSA, obstructive sleep apnea; LPAR1, lysophosphatidic acid receptor 
1; ITPR2, inositol 1,4,5-trisphosphate receptor type 2; OSA, obstructive sleep apnea; OR, odds 
ratio; CI, confidence interval; PLEK, pleckstrin; PTGER3, prostaglandin E receptor 3; GPR83, G 
protein-coupled receptor 83; MRE11A, MRE11 homolog, double strand break repair nuclease; 
LINC01171, chromosome 11 open reading frame 97; ATP2B4, ATPase plasma membrane Ca2+ 
transporting 4; C6ORF183, chromosome 6 open reading frame 183; CCDC162P, coiled-coil 
domain containing 162, pseudogene; TSPAN18, tetraspanin 18; PLCB1, phospholipase C beta
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comorbidities across different races or ethnicities [39]. Of candidate genes for OSA, 
ACE (angiotensin-converting enzyme) polymorphisms have been also studied as 
candidate risk factors for hypertension with inconsistent results [50]. Similarly, the 
risk allele for hypertension in OSA in the Wisconsin Sleep Cohort turned out to be 
protective in Cleveland Family Study [51, 52], showing mixed results.

OSA is a common and complex disorder and includes different phenotypes [53]. 
Given the wide range of components and outcomes of OSA, further advances in the 
genetics are critical for a comprehensive understanding of its pathogenesis and 
pathophysiology. Identification of genetic traits would be helpful for risk stratifica-
tion and for novel therapeutic innovations for more personalized medicine.

13.3  �Congenital Central Hypoventilation Syndrome

Congenital central hypoventilation syndrome (CCHS) is a genetically inherited dis-
order with decreased tidal volumes and monotonous respiratory rates awake and 
asleep [54]. Alveolar hypoventilation is the most profound in non-rapid eye move-
ment (NREM) sleep, although it is also observed during REM sleep and wakeful-
ness usually to a milder degree [55]. Patients with CCHS have hypercapnia and 
hypoxemia caused by hypoventilation, but they do not respond to these abnormali-
ties in terms of ventilation and arousal from sleep [55, 56]. Patients also cannot 
perceive asphyxia during wakefulness with and without exercise.

CCHS is a lifelong and life-threatening disorder [55]. It is typically diagnosed 
during the newborn period, although it can be diagnosed in childhood and even 
adulthood, described as “later-onset CCHS (LO-CCHS).” Regardless of age at pre-
sentation, the diagnosis of CCHS requires the absence of primary lung, cardiac, or 
neuromuscular disease or an identifiable brain stem lesion that may account for the 
entire phenotype [55]. CCHS is often associated with complications of the auto-
nomic nervous system (ANS), including various autonomic nervous system dys-
functions (ANSDs), Hirschsprung disease (HSCR) in 20% of cases, and neural crest 
tumors (neuroblastoma, ganglioneuroblastoma, and ganglioneuroma) in 5–10% of 
cases [54].

Since the paired-like homeobox 2B (PHOX2B) gene was identified as the 
disease-defining gene for CCHS in 2003 [57, 58], CCHS has been recognized as a 
model for genetically defined sleep disorders [54–56]. The American Thoracic 
Society (ATS) statement in 2010 declared that a PHOX2B mutation is requisite to 
confirmation of a diagnosis of CCHS [54]. This statement mentioned that (1) about 
90% of individuals with the CCHS phenotype are heterozygous for a polyalanine 
expansion repeat mutation in the PHOX2B gene; (2) the remaining 10% are hetero-
zygous for a missense, nonsense, or frameshift mutation in the PHOX2B gene; and 
(3) a non-CCHS diagnosis should be sought if a PHOX2B mutation is negative.

The PHOX2B gene on chromosome 4p12 has a 20-alanine repeat in exon 3. 
CCHS is caused by (1) polyalanine repeat mutations (PARMs) in the 20-alanine 
repeat resulting in 25–35 alanine tracts or (2) non-polyalanine repeat mutations 
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(NPARMs) causing nucleotide deletions at the end of exon 2 or in exon 3 [54, 56]. 
NPARMs include predominantly frameshift mutations but also nonsense and mis-
sense with stop codon alterations [58]. In individuals with CCHS, PARMs manifest 
as heterogeneous genotypes of PHOX2B20/25–25. Interestingly, 1–1.5% of the general 
population has the PHOX2B20/15 genotype with loss of alanines [58], but this muta-
tion is not diagnostic even when hypoventilation is observed [54, 56].

The inherence of CCHS is basically considered to have an autosomal-dominant 
pattern with incomplete penetrance [54, 58, 59]. Most parents of children with 
CCHS do not have a mutation at all, suggesting that most mutations occur de novo 
in affected individuals [54, 60, 61]. However, 5–10% of affected children inherit the 
mutation from a typically unaffected mosaic parent [58, 61]. Asymptomatic paren-
tal mosaicism is restricted to PARMs of genotypes 20/26 to 20/33 and severe 
NPARMs [54]. In addition, PARMs of genotypes 20/24 and 20/25 and some 
NPARMs are found in asymptomatic parents, indicating incomplete penetrance [54, 
60–62]. Variable penetrance has been postulated to be due to other modifier muta-
tions such as HASH1, RET, GFRA1, and PHOX2A [63]. In fact, family members of 
CHHS patients have a higher incidence of ANSD, HSCR, neuroblastoma, and sud-
den infant death syndrome, which can be associated with the candidate genes for 
modifiers [60, 64, 65]. Based on the presence of mosaicism and a nonpenetrant 
carrier state, a screening test for PHOX2B mutations is recommended for both 
asymptomatic parents of affected children [54].

The PHOX2B gene codes for a transcription factor that plays a central role in the 
specification of the fate of cells during development [55]. PHOX2B protein is nec-
essary for the development of several neurons in the central and peripheral nervous 
systems. Functionally, PHOX2B is expressed by a chain of neurons involved in the 
integration of peripheral and central chemoreception [66–68]. This chain includes 
the carotid bodies, chemoreceptor afferents, chemoresponsive projections of the 
nucleus tractus solitarius (NTS) to the ventrolateral medulla, and central chemore-
ceptors in the retrotrapezoid nucleus (RTN). The RTN is a group of chemosensitive 
glutamatergic neurons that is located near the parafacial respiratory group and criti-
cal to central chemoreception, although the RTN in humans has not been definitely 
identified.

The molecular mechanisms through which PHOX2B mutations cause alveolar 
hypoventilation have not been entirely revealed. PARMs can reduce transcriptional 
activities of PHOX2B proteins to the PHOX2A promotor and dopamine 
β-hydroxylase (DβH) promotor [69]. This can be done through the localization of 
mutated proteins in cytoplasm and the aggregate formation in the nucleus. On the 
other hand, a PHOX2B frameshift mutation, one of the NPARMs that activates the 
PHOX2A promotor and DβH promotor, and the mutated proteins are exclusively 
localized to the nuclei as well as intact proteins [56]. These findings suggest that 
PARMs and NPARMs may lead to alveolar hypoventilation through distinct 
pathways, which may cause the different phenotypes associated with each of 
PARMs and NPARMs [70], as mentioned below.

CCHS patients have a wide spectrum of severity in terms of hypoventilation and 
other ANSDs. Of note, the CCHS phenotypes are significantly associated with 
PHOX2B genotypes. In general, longer polyalanine expansions in PARMs and 
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NPARMs are associated with more severe disease [54–56]. Continuous ventilator 
support is needed in 35% of patients with PARMs and 67% of those with NPARMs. 
PHOX2B20/28–20/33 patients usually require continuous ventilator support, and 
PHOX2B20/26 patients need variable support while awake. Late-onset cases with 
PHOX2B20/25 have the mildest hypoventilation, which manifests primarily after 
exposure to respiratory depressants or severe respiratory infection, and can be man-
aged with nocturnal support only. HSCR is seen in 19% of PARM cases and 80% of 
NPARM cases, and neural crest tumors are also more common in NPARM cases: 
1% of PARM and 41% of NPARM patients. Cardiac systoles (sinus pauses of 3 s or 
longer) are seen in 19% and 83% of patients with PHOX2B20/26 and PHOX2B20/27, 
respectively, whereas they are observed in none with PHOX2B20/25. In addition, in 
cases with PARMs, the number of polyalanine repeats is positively correlated with 
the number of ANSD symptoms and the degree of facial dysmorphology. Based on 
these findings, the ATS statement recommends different schedules of testing for 
CCHS cases with different genotypes (Table 13.3) [54].

Table 13.3  Testing schedules for congenital central hypoventilation syndrome stratified by 
PHOX2B genotype [54]

PHOX2B 
genotype

Annual in-hospital 
comprehensive 
physiologic testing 
(awake and asleep), 
exogenous and 
endogenous gas 
challenges and 
autonomic testinga

Assessment 
for 
Hirschsprung 
disease

Annual 
neurocognitive 
assessmenta

Annual 72-h 
Holter recording 
and 
echocardiograma

Annual 
imaging 
to assess 
for 
tumors of 
neural 
crest 
origin

PARM
20/24 
and 
20/25

× × ×

20/26 × × × ×
20/27 × × × ×
20/28–
20/33

× × × × ×b

NPARM × × × × ×c

Reprinted with permission of the American Thoracic Society. Copyright © 2017 American 
Thoracic Society
Cite: Weese-Mayer DE, Berry-Kravis EM, Ceccherini I, Keens TG, Loghmanee DA, Trang H, 
et al. (2010) An official ATS clinical policy statement: Congenital central hypoventilation syn-
drome: genetic basis, diagnosis, and management. American Journal of Respiratory and Critical 
Care Medicine 181: 626–44
The American Journal of Respiratory and Critical Care Medicine is an official journal of the 
American Thoracic Society
Abbreviations: PARM polyalanine repeat expansion mutation, NPARM nonpolyalanine repeat 
expansion mutation (missense, nonsense, frameshift)
aInfants under the age of 3 years should undergo comprehensive evaluations every 6 months
bAnnual chest and abdominal imaging to identify ganglioneuromas and ganglioneuroblastomas
cAbdominal imaging and urine cathecholamines every 3 months in the first 2 years, then every 6 
months until 7 years of age to identify neuroblastomas
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Despite being a rare sleep disorder, clinical and genetic investigations of CCHS 
have shed light on the cellular and genetic basis of central respiratory control. The 
proposed pathogenesis of CCHS is a selective defect of central chemosensory inte-
gration rather than respiratory central pattern generator (rCPG) dysfunction because 
ventilation can adequately respond to volitional stimulus or exercise during wakeful 
status [55, 56]. Worsened symptoms during sleep suggest the existence of neurons 
that selectively mediate the chemical drive to breathing and play a critical role dur-
ing sleep. Following the identification of PHOX2B as the disease-defining gene for 
CCHS, it was also demonstrated that PHOX2B was expressed on the neuronal chain 
involved in chemosensory integration but not on the serotonergic system including 
the rCPG [71, 72]. This expression pattern well fits with the pathogenesis speculated 
from clinical manifestations, a selective defect of the central chemosensory system.

Mouse models of CCHS were obtained by a knock-in approach to add a 7 alanine 
expansion to the 20-residue polyalanine tract (the Phox2b27Ala allele). Constitutive 
Phox2b27Ala/+ mice reproduced two characteristics of human neonates with CCHS: 
blunted or unstable breathing with apneas and absence of a ventilator response to 
hypercapnia [73]. These Phox2b27Ala/+ mice showed loss of RTN neurons and pre-
cursor populations by embryonic day 15.5, suggesting the link between RTN dis-
ruption and absent chemosensitivity to hypercapnia. Furthermore, conditional 
Phox2b27Ala/+ mice, which had a massive loss of RTN neurons with intact down-
stream components of the RTN neural network, also had markedly defective chemo-
sensitivity, demonstrating a stronger association between chemosensation and 
PHOX2B mutations at functional and neuroanatomical levels [74]. On the other 
hand, the conditional Phox2b27Ala/+ mice recovered their ventilatory response to 
hypercapnia incompletely (to 40% of the normal value) and could survive to adult-
hood. These findings suggest a greater potential for respiratory plasticity and also 
call into question the necessity of the CO2 drive to sustain life.

13.4  �Restless Legs Syndrome/Willis-Ekbom Disease

Restless legs syndrome/Willis-Ekbom disease (RLS/WED) is a neurological and 
sleep-related disorder [75]. It often profoundly disturbs sleep and quality of life 
with various sensory and motor manifestations. The International Restless Legs 
Syndrome Study Group (IRLSSG) defined five essential diagnostic criteria for 
RLS/WED: (1) an urge to move the legs, usually accompanied by uncomfortable 
and unpleasant sensations in the legs, (2) symptoms that begin or worsen during 
periods of rest or inactivity, (3) relief of symptoms by movement, (4) occurrence or 
worsening in the evening or night, and (5) symptoms that are not solely accounted 
for as primary to another medical or behavioral condition [76]. The IRLSSG con-
sensus criteria also classify the clinical course of RLS/WED into chronic-persistent 
(occurring on average at least twice weekly for the past year) and intermittent 
(occurring on average <2/week for the past year, with at least five lifetime events). 
The prevalence of RLS/WED is estimated to be about 7% in the European and 
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American population, and two thirds of these patients have mild and often intermit-
tent RLS/WED [75]. A large-scale epidemiological study in Western Europe showed 
that the prevalence of chronic-persistent RLS/WED was 4.4%, that of medically 
significant RLS/WED was 2.7%, and that of RLS/WED having a high impact on 
health was 0.8% [77]. Although most cases of RLS/WED are mild, more severe 
cases can cause a 20–50% reduction in work capacity and thus an increase in social 
cost [78]. In addition, some studies suggested that RLS/WED could significantly 
increase the risk for cardiovascular disease [75].

A strong family clustering of RLS/WED has been identified. Of patients with 
RLS/WED, 40–65% have a family history of RLS/WED, and a positive family his-
tory may be associated with the onset of symptoms at an earlier age than those 
without a family history. A Canadian twin study revealed that the concordant rate of 
RLS was 54% and 19% in monozygotic and heterozygotic twins, respectively, and 
disease heritability was 69.4% [79]. Segregation analyses in families suggested an 
autosomal-dominant mode of inherence with a single major gene and fairly high 
penetrance, which was in line with twin studies [80, 81].

Based on these observations from twin and family studies, genome-wide linkage 
studies using cohorts of RLS families were conducted and have identified several 
linkage regions [82–84]. Linkage regions include RLS-1 on chromosome 12q22-
23.3, RLS-2 on chromosome 14q13-22, RLS-3 on chromosome 9p24-22, RLS-4 on 
chromosome 2q33, and RLS-5 on chromosome 20p13. Although the linkage studies 
showed that RLS has Mendelian forms, mostly an autosomal-dominant mode, the 
genetic model is not simple because the model consists of additional genes with 
smaller effect and modifier genes as well as major loci. In addition, the identified 
linkage regions were so large and included such a large number of genes that only a 
small number of genes in the regions were sequenced to identify the candidate 
genes for RLS.

When GWASs became feasible, RLS/WED was one of the first disorders that 
benefited from this new method. Four GWASs between 2007 and 2011 identified 
some risk variants in six genes: MEIS1 (myeloid ecotropic viral integration site 1 
homolog) on chromosome 2, BTBD9 (BTB/POZ domain-containing protein) on 
chromosome 6p, mitogen-activated protein kinase 5 (MAP2K5) and the adjacent 
SKOR1 (SKI family transcriptional corepressor 1) on chromosome 15q, PTPRD 
(protein tyrosine phosphatase receptor type D) on chromosome 9p, and TOX3 (TOX 
high mobility group box family member 3) on chromosome 16q [85]. MEIS1 is 
involved with limb axis formation and neuronal differentiation [86–88] and MAP2K5 
with muscle cellular differentiation [89]. SKOR1 plays a critical role in the develop-
ment of sensory pathways in the dorsal horn of the spinal cord that relay pain and 
touch [90]. PTPRD is also involved with neuronal development [85, 91]. Thus, the 
associations between these genes and RLS/WED in GWASs suggest that RLS/WED 
may be caused by defects in the early development of the neuromuscular system.

Among these genes, variants in MEIS1 conferred the highest risks with odds 
ratios around 2.7 [85, 92–94]. The risk allele in MEIS1 was associated with a 
decrease of its expression at the levels of mRNA and protein [27]. MEIS1 was also 
reported to regulate the expression of ferritins [27], and changes in iron metabolism 
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have been proposed as a possible mechanism in the pathogenesis of RLS/WED [95]. 
In addition, rs3923809 in BTBD9 was associated with RLS/WED in the first GWAS, 
and this association was replicated in the second GWAS exclusively in cases with 
restless leg movements (RLMs), not in those with only sensory symptoms [94]. The 
risk allele in rs3923809 caused a 13% decrease in serum ferritin, although BTBD9 
was not associated with iron metabolism and iron-related gene expression [96, 97]. 
In contrast, variants in MAP2K5/SKOR1 and TOX3 were associated with only RLS 
but not RLMs without sensory symptoms [40]. These findings collectively suggest 
that different genes may play different roles between motor and sensory aspects of 
RLS: BTBD9 for motor and MAP2K5/SKOR1 and TOX3 for sensory.

Recently, two population-based cohort studies examined the associations 
between RLS-associated single nucleotide polymorphisms (SNPs) identified in 
GWASs and RLMs [98, 99]. The first study replicated significant results within 
BTBD9, MEIS1, MAP2K5/SKOR1, PRPRD, and TOX3 and the second within 
BTBD9, MEIS1, and MAP2K5/SKOR1. Overall, GWASs and population-based 
studies showed repeatedly that variants in BTBD9 and MEIS1 are associated with 
RLS and RLMs. For other risk loci, the evidence is conflicting, partially because of 
different study populations, phenotyping and genotyped SNPs.

Despite the successful results in GWASs, it should be noted that SNPs identified 
in GWASs can account for less than 10% of the total heritability across different 
study populations [93]. GWAS is based on the “common disease-common variant” 
hypothesis, which means that many common genetic variations, each with a small 
to moderate effect, determine the genetic risks for common but complex diseases 
including RLS [100]. Thus, this “missing heritability” of RLS may be caused by 
rare variants that have not been addressed in GWASs but can account for the major-
ity of genetic variations and have larger effects than common variances. In fact, a 
case-control sequencing study showed an excess of rare variants in MEIS1 in cases 
[101]. Exome sequencing for a family with RLS identified a variant of the protocad-
herin alpha cluster, complex locus (PCDHA3) as a candidate, although its role in the 
pathogenesis remained unclear [102].

In conclusion, strong effects of genetic predisposition have been established in 
RLS/WED based on observations of family clustering and high heritability. 
However, the majority of heritability in RLS/WED remains unexplained, although 
recent GWASs provide some insight into it. The next-generation sequencing tech-
nology may be capable of detecting genetic risk variances and thus fill out the 
“missing heritability” links. In-depth analysis and epigenetic research also can be 
helpful in uncovering the pathogenesis of this disease.

13.5  �Narcolepsy

Narcolepsy is a sleep disorder characterized by chronic sleepiness (hypersomno-
lence), sudden episodes of partial or complete paralysis of voluntary muscles (cata-
plexy), hypnagogic hallucinations, and sleep paralysis [103]. This disorder usually 
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begins with the sudden onset of persistent hypersomnolence in the teen years. The 
severe sleepiness easily recurs even after adequate nighttime sleep and often causes 
serious problems such as poor performance at school and work and motor vehicle 
accidents. It affects 1  in 2000–4000 individuals in the general population [104, 
105]. Although it is one of the most common causes of hypersomnolence, it is often 
diagnosed only after severe sleepiness has caused serious problems. Another char-
acteristic of narcolepsy is dysregulated rapid eye movement (REM) sleep. While 
REM sleep occurs only during the sleep period in healthy people, it can occur at any 
time and often interrupts wakefulness in patients with narcolepsy. This disordered 
REM sleep causes cataplexy when it is triggered by strong emotions during wake-
fulness and hypnagogic hallucinations and sleep paralysis at the borders between 
wakefulness and sleep.

Orexin-A and orexin-B, neuropeptides also referred as hypocretin-1 and hypo-
cretin-2, have been considered as key molecules for narcolepsy [3]. A narcolepsy-
like phenotype was mimicked in mice and dogs with dysfunction of orexin pathway 
[106, 107], and orexin-producing neurons were markedly decreased in the brains of 
patients with narcolepsy [108]. Currently, it is recognized that narcolepsy has two 
phenotypes [103]. Type 1 narcolepsy is characterized by cataplexy and a very low 
level of orexin-A in cerebrospinal fluid. This type is caused by severe but highly 
selective loss of orexin-producing neurons. On the other hand, type 2 narcolepsy is 
characterized by less severe sleepiness, lack of cataplexy, and normal levels of 
orexin-A in cerebrospinal fluid. Although this type may be caused by less extensive 
injury to orexin-producing neurons, its pathophysiology has been unclear. Thus, the 
two types of narcolepsy may have different mechanisms although their phenotypes 
are partially similar.

Familial clustering has been reported in narcolepsy, although most cases are spo-
radic. First-degree relatives have 10- to 40-fold higher risks of narcolepsy than the 
general population, and its prevalence is 0.9–2.3% [109]. On the other hand, the 
concordance in monozygotic twins is as low as 32% [105], suggesting other mecha-
nisms than genetic predispositions.

Genetically, narcolepsy is strongly associated with specific human leukocyte 
antigens (HLAs). More than 98% of patients with type 1 narcolepsy have a class II 
HLA antigen, HLA-DQB1*06:02, regardless of ethnic group [110, 111]. A recent 
study of a European cohort showed that the odds ratio of DQB1*06:02 for narco-
lepsy was as high as 251 [111]. This association is the strongest between an HLA 
and a disease that has ever been known, although this allele is not specific to narco-
lepsy. Additionally, 35–56% of patients with type 2 narcolepsy also have 
DQB1*06:02, while 12–38% of the general population have it [3, 103]. Two alleles 
(homozygotes) confer a two- to fourfold greater risk for narcolepsy than one allele 
(heterozygotes) and are also associated with more severe symptoms [112, 113].

Several other alleles in the HLA system may also contribute to genetic suscepti-
bility to narcolepsy. DQA1*01:02 is almost always linked with DQB1*06:02, and a 
heterodimer produced by these linked genes presents antigens to T-cell receptors 
(TCRs) on CD4 T cells [114]. When the effects of other HLA class II alleles were 
examined in heterozygotes carrying a single allele of DQB1*06:02, six alleles 
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predisposed to narcolepsy: DQA1*06, DQB1*03:01, DRB1*04, DRB1*08, 
DRB1*11, and DRB1*12 [115]. Three alleles were protective: DQA1*01 (except 
for DQA1*01:02), DQB1*05:01, and DQB1*06:01. In a European cohort, four 
alleles (DQB1*02, DQB1*05:01, DQB1*06:03, and DQB1*06:09) remained pro-
tective even after adjustment for DQB1*06:02 [111]. Another study showed the 
predisposing effect of HLA-DPB1*05:01 and the protective effects of HLA-
DPA1*01:03-DPB1*04:01 and HLA-DPA1*01:03-DPB1*04:02  in Asians after 
matching of HLA-DR and HLA-DQ and the predisposing effects of HLA-A*11:01, 
HLA-B*35:03, and HLA-B*51:01 that were independent of HLA class II and eth-
nic group [114].

Recently, GWASs have explored the associations of SNPs in some genes with 
narcolepsy. Three SNPs (rs1154155, rs12587781, and rs1263646) in T-cell receptor 
alpha (TRA) locus were identified as conferring a genetic predisposition to narco-
lepsy in Caucasians with replication in Asians, although they were not significant in 
African-Americans [116]. The TRA locus encodes the α-chain of TCRαβ heterodi-
mer expressed on T lymphocytes. TCR is a unique protein that interacts with both 
HLA class I (CD8 in cytotoxic T cells) and HLA class II (CD4 in helper T cells); 
the HLA class II protein includes the DQαβ heterodimer encoded by DQB1*06:02 
and the closely linked DQA1*01:02. Of these SNPs, only the predisposing effect of 
rs1154155 within the TRA locus was replicated in another European GWAS [117].

Another SNP replicated in this European GWAS was a protective one near HLA-
DQA2 (rs285884). This SNP was originally identified in the European population 
heterozygous for DRB1*15:01-DQB1*06:02. It was strongly linked to two HLA 
types of DRB1*03-DQB1*02 and DRB1*13:01-DQB1*06:03, and a trans 
DRB1*13:01-DQB1*06:03 haplotype was also protective against narcolepsy.

Other SNPs reported to be associated with narcolepsy include rs2305795 in the 
purinergic receptor subtype (P2RY11) gene, rs5770917 between CPT1B (carnitine 
palmitoyltransferase 1B) and CHKB (choline kinase β) genes, rs34593439  in the 
cathepsin H (CTSH) gene, and rs75537111 in the tumor necrosis factor superfamily 
member 4 (TNFSF4, also called OX40L) gene [114, 118–121]. The risk allele of 
rs2305795  in P2RY11 for narcolepsy was associated with reduced expression of 
P2RY11 in CD8 T cells and natural killer (NK) cells; CD8 T cells and NK cells with 
reduced expression of P2RY11 were more susceptible to ATP-induced cell death 
because P2RY11 proteins mediate the resistance to cell death [120]. A Japanese 
GWAS found that rs5770917 between CPT1B and CHKB provided a predisposition 
to narcolepsy in both Japanese and other ancestry groups [121]. The risk allele was 
associated with decreased expression of CPT1B and CHKB.

Of note, all of these factors for genetic predispositions to narcolepsy, including 
HLA haplotypes, are related to the immune system. These findings, in addition to 
epidemiological data, support an autoimmune pathogenesis of narcolepsy, although 
the mechanism of the destruction of orexin-producing neurons remains undeter-
mined [103]. Epidemiologically, the onset of narcoleptic symptoms occurs most 
commonly in the late spring, suggesting the pathogenesis is triggered by winter 
infections [122]. Higher titers of antibodies against antistreptolysin O are com-
monly observed during the initial phase of narcolepsy [123]. In European children 
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and teenagers, an increased occurrence of narcolepsy was reported after vaccination 
against the pandemic H1N1 influenza in the winter of 2009–2010 but only when 
they had the DQB1*06:02 allele [124, 125]. The pandemic of H1N1 influenza in the 
same season also resulted in a threefold increase in newly developed narcolepsy in 
China in the following year [122]. In addition, antibodies against a protein in orexin-
producing neurons, Tribbles homolog 2 (Trib2), were identified in patients with 
newly diagnosed narcolepsy, although there has been no evidence that these anti-
bodies can directly damage orexin-producing neurons [3, 126, 127]. Thus, it is pos-
sible that some immune stimuli such as infection or vaccination trigger autoimmune 
responses in young persons with genetic susceptibilities and lead to the destruction 
of orexin-producing neurons, probably because of some molecular mimicry [128]. 
On the other hand, it should be noted that no inflammatory sign has been detected 
in patients with narcolepsy, and immunomodulatory agents had little effect on nar-
coleptic symptoms in clinical trials [103].

The discovery of orexin as a key molecule and the identification of genetic pre-
dispositions have made great advances in understanding narcolepsy and developing 
effective therapies. However, the pathologic process that destroys orexin-producing 
neurons and the subsequent pathways leading to narcoleptic symptoms remain 
unrevealed. Further exploration of neurobiologic mechanisms in narcolepsy may 
lead to new preventive and therapeutic opportunities.

13.6  �Insomnia

Insomnia is clinically defined as difficulty falling asleep, difficulty initiating or 
maintaining sleep, or non-restorative sleep at least three times a week for a mini-
mum of 90  days and causing clinically significant distress according to the 
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) [129]. About one 
third of the adult population experiences at least one of its symptoms, and the esti-
mated prevalence of insomnia is between 6% and 10% [130–133]. Insomnia also 
can be defined as a quantitative trait of one or more sleep parameters based on ques-
tionnaires or sleep diaries, such as sleep latency or time of being awake during the 
night [5].

Several twin and family studies have shown that insomnia is moderately herita-
ble, although the definitions of insomnia vary across studies. Actually, most studies 
used symptomatic definitions rather than the more strict ones based on disorder 
phenotypes. The estimated heritability of insomnia ranges between 22% and 59% in 
adults, and the range in studies of children is as wide as 14–71% [134–136]. Some 
recent longitudinal twin studies have integrated multiple waves of data into models 
to explore genetic contributions to insomnia in a more detailed way. One study 
showed that heritability estimates were 22–25% at single time points in adults [137]. 
When two time points were incorporated, the estimates increased to 38% for males 
and 59% for females, suggesting for the first time a significantly larger genetic effect 
in females. Another longitudinal twin study with four waves of data across child-
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hood and adolescence found that genetic effects could account for 24–38% of the 
variance across waves, and the heritability estimate was 14% [138]. Genetic contri-
butions to insomnia were stable throughout early childhood, while new genetic con-
tributors were added at the average age of 10 and remained significant after then. 
These twin and family studies have strongly supported the presence of genetic pre-
dispositions to insomnia, although they cannot identify any specific gene.

Various genes have been studied as candidate genes for insomnia based on find-
ings of neurobiological pathways. Of circadian genes (CLOCK, Timeless), the Per 
2 genotype was associated with the risk of insomnia, and the genetic effect was 
increased by high stress work [139]. Per 3 genotype was also associated with insom-
nia in patients with alcohol dependence [140]. Insomnia has a bidirectional relation-
ship with psychiatric disorders, and the serotonin transporter polymorphic region 
(5-HTTLPR) is one of the most common genetic factors studied in psychiatric dis-
orders. Thus, the effects of the 5-HTTLPR polymorphism on insomnia also have 
been examined. Recent studies found that each short allele (S allele) conferred an 
80% or more increase in risk for insomnia [141, 142]. Additionally, individuals with 
the SS genotype had a higher risk under high job-related stress, suggesting the role 
of 5-HTTLPR in stress reactivity mechanisms [143]. Other candidate genes studied 
include catecholamine-O-methyltransferase (COMT), dopamine receptor D4 
(DRD4), dopamine transporter 1 (DAT1), apolipoprotein E (APOE, ε4 allele), 
proliferator-activated receptor-γ coactivator-1α (PCG-1α), and aryl hydrocarbon 
receptor (AHR) [131]. A COMT polymorphism was not associated with any sleep 
and circadian parameters [144], while the variable number of tandem repeats in 
DRD4 and a polymorphism had a significant association with daytime sleepiness 
[144]. APOE ε4 and PCG-1α polymorphisms increase the risk for insomnia, and 
PCG-1α had a significant genetic contribution to insomnia even after adjustment for 
the APOE ε4 genotype [145]. CLOCK and AHR polymorphisms and their combina-
tions had protective effects on insomnia [146].

There have been five GWASs of insomnia so far [147–151]. The first GWAS was 
conducted in a large Korean cohort using self-report questionnaires to diagnose 
insomnia and found no genome-wide significant associations, although top SNPs of 
interest included rs11208305 in PCLB1 (prior associations with schizophrenia) and 
rs718712  in ROR1 (prior associations with bipolar disorder) [147]. The second 
GWAS in an Australian twin cohort also found no genetic variance that reached 
genome-wide significance [148]. The most significant result in the second study 
was an association of rs7316184 in CACNA1C with sleep quality and latency; this 
SNP was also associated with bipolar disorder and schizophrenia in previous stud-
ies. A British GWAS replicated the association between another SNP (rs16929277) 
in CACNA1C and sleep quality [149]. Spada et al. used objective sleep phenotypes 
measured with actigraphy for a GWAS of insomnia for the first time [150]. Their 
study showed a genome-wide significant association of rs75842709 in UFL1 with 
sleep efficiency on weekdays that of chr9:864,201:D in DMRT1 with sleep latency 
and rs2919869 in SMYD1 with sleep offset, although these associations were not 
corrected for analysis of multiple phenotypes. A recent GWAS of self-reported 
sleep latency meta-analyzed the combination of seven European cohorts and identi-
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fied three correlated SNPs (rs9900428, rs9907432, and rs7211029) in RBFOX3 that 
passed the genome-wide significance threshold and could be also replicated [151]. 
Functional analyses showed the involvement of the RBFOX3 gene in GABA and 
monoamine release, suggesting a role in sleep onset [151].

Although these GWASs have identified several novel candidate genes for insom-
nia, the same genes are not always significant across studies. This can be due to, in 
part, the inconsistent phenotyping of insomnia. Additionally, results of GWASs 
have left much of the heritability in insomnia unexplained, probably because 
GWASs cannot detect the effects of rare variants. Multiple testing and size power 
also remain significant problems in GWASs. Further GWASs with larger cohorts 
and meta-analyses with combined data across research groups can produce more 
significant results.

Advances in our understanding of the genetics of insomnia suggest two direc-
tions for future research. Epidemiologically insomnia is strongly related to other 
psychiatric orders, traits, and symptoms. Several genes identified through GWASs 
of insomnia also appear to be associated with other psychiatric disorders, and genes 
from other diseases may contribute to genetic risks for insomnia [152, 153]. Many 
of these genes are related to intrinsic neuronal excitability [131, 154, 155]. These 
findings suggest that changes in neural excitability in wake-promoting or sleep-
inhibiting neurons may cause hyperarousal and difficulty sleeping and thus insom-
nia [131]. This hyperexcitability could also underlie a greater sleep reactivity, which 
means easier sleep disruption after a challenge, often a stressful event [156]. There 
is evidence that sleep reactivity is a greater risk factor for insomnia than a family 
history of insomnia [157], and it also has a moderate degree of heritability [156, 
157]. Additionally, the genetic effects in sleep reactivity significantly overlap with 
those in insomnia [156]. These findings collectively suggest that sleep reactivity 
may be a potential mechanism of insomnia with common genetic predispositions. 
Furthermore, the examination of overlaps between insomnia and other psychiatric 
traits or even nonpsychiatric traits can also expand the unpredicted potential candi-
date genes and account for unexplained heritability of insomnia. Another genetic 
approach beyond GWASs is gene expression studies including pathway, epigenetics, 
and omics analyses. This approach can be applied not only to identify insomnia-related 
genes but also to explore molecular mechanisms of different responses to environ-
ments and treatments among individuals.

13.7  �Fatal Familial Insomnia

Fatal familial insomnia (FFI) is an autosomal-dominant genetic neurodegenerative 
disease initially reported in 1986 [158]. It is caused by the mutation of the prion 
protein gene (PRNP) at position 178 (D178N) together with the presence of a methi-
onine at the codon 129 polymorphic site on the mutated allele (cis-129M) [159, 160]. 
In individuals having the same mutation but valine at position 129 of the mutated 
allele, familial Creutzfeldt-Jakob disease (fCJD) is usually manifested [161].
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Clinical manifestations in FFI are heterogenous [158, 162, 163]. FFI is charac-
terized by insomnia, sleep fragmentation, altered arousal, daytime dreamlike 
automatism, and dysautonomia. These symptoms are followed by cognitive impair-
ment and motor disorders, leading to terminal dementia. The age at clinical onset 
ranges between 36 and 62 years (average 51 years) [158]. The first symptoms are 
often nonspecific and insomnia cannot be noticed at first. Patients are unable to 
sleep even when they feel tired or slept badly the previous night. While dreamlike 
stupor, hallucinations, and behavioral abnormalities are common, social behavior is 
generally preserved [162–164]. Cognitive and attention impairments may fluctuate 
at their onset. As the disease progresses, patients suffer from memory impairment 
and loss of language and skills, accompanied by pyramidal and extrapyramidal 
signs including worsening ataxia and dystonia, and eventually become completely 
dependent [165, 166]. Survival from clinical onset is 12 months on average, ranging 
between 8 and 11 months for codon 129 homozygotes and between 17 and 72 months 
for heterozygotes [167, 168].

Major regions in FFI are the mediodorsal and anterior ventral nuclei of the thala-
mus and the pulvinar and the ventral anterior, ventral medial, and inferior olives 
[158, 169, 170]. These lesions show marked neuronal loss and astrocytic gliosis 
microscopically. Affected regions also include the inner part of the temporal cortex, 
CA1 region of the hippocampus, cingulate cortex, and other cortical areas, where 
spongiform changes, as well as neuron loss, astrocytic gliosis, and microglial acti-
vation, are observed. Immunohistochemistry shows very scanty or absent protein 
K-resistant prion protein (PrPres) in the thalamus and inferior olives, while small 
granular deposits and synaptic-like PrPres deposition are seen in affected cortical 
areas [158]. Gel electrophoresis and Western blotting of total brain homogenates 
reveal a weak band of non-glycosylated PrPres of 19KDa (PrP type 2) and strong 
mono-glycosylated and di-glycosylated PrPres bands, suggesting that PrPres in FFI 
is highly glycosylated [169, 171–173].

The diagnosis of genetic CJD, including FFI, is based on the presence of a defi-
nite relative with CJD in combination with neuropsychiatric disorder and disease-
specific PrP gene mutation in the proband [158]. FFI is diagnosed when an individual 
with familial antecedents of FFI or CJD has neurological alterations consistent with 
FFI and a D178N mutation. A recent diagnostic algorithm had the sensitivity of 
81% and can help to identify candidates for genetic screening (Table 13.4) [174]. As 
biomarkers in cerebrospinal fluids are not diagnostic for FFI, a genetic analysis has 
been mandatory for the diagnosis of FFI so far [163].

The mechanism by which PrP D178N causes a spontaneous misfolding of pro-
tein is still unclear. The D178N mutation is supposed to (1) cause conformational 
alterations affecting the intermolecular contacts between different PrP molecules; 
(2) interfere with salt bridges and S-S bridges, resulting in protein structural insta-
bility; and (3) increase aggregation [175–177]. Gene expression profiling in FFI 
showed deregulated genes mostly in the thalamus followed by the parietal cortex 
[178]. Altered functions in FFI include mitochondrial-associated processes (oxida-
tive phosphorylation and mitochondrial electron transport), protein synthesis, regu-
lation of transcription, RNA splicing, and signal transduction. Another study 
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revealed severe downregulation of the genes and proteins that are associated with 
the mitochondrial respiratory chain and protein synthesis machinery [179]. This 
was in parallel with massive neuronal loss, gliosis, and increased oxidative stress. 
These findings indicate that mitochondrial damage and altered protein synthesis 
machinery are the major pathological events at the terminal stage of FFI, although 
it remains to be clarified whether these changes are a cause or consequence of FFI.

13.8  �Circadian Rhythm Sleep Disorders/Familial Advanced 
Sleep Phase Syndrome

Circadian rhythm refers to 24-h oscillations that occur in the absence of external 
timing information [180]. In mammals, the core of circadian oscillations is a cell-
autonomous transcriptional-translational feedback loop (TTFL) present in most 
cells. The circadian rhythm is controlled by light input transmitted from the retina 
to the suprachiasmatic nucleus in the hypothalamus, and cells within the suprachi-
asmatic nucleus have a TTFL with a cycle of about 24 h. Genes involved in the 
TTFL include Clock; BMAIL1; CRY1 and 2 (cryptochrome 1 and 2); PER1, 2, and 
3 (Period 1, 2 and 3); REV-ERB-α and β; ROR1, 2, and 3; and CK1ε. Regulated 
transcriptional and posttranscriptional events generate endogenous 24-h rhythms in 
the mRNA and protein levels of most of these transcriptional regulators.

As an increasing number of genes involved in the molecular generation of circa-
dian rhythms have been identified, circadian rhythm sleep disorders (CRSDs) have 

Table 13.4  Diagnostic algorithm for fatal familial insomnia [174]

A Organic sleep disturbances. If not clinically apparent, a polysomnography has to be 
performed

B At least two of the following “CJD-like symptoms/signs”
1. �Psychiatric: visual hallucinations, personality change, depression, anxiety, aggressiveness, 

disinhibition, and listlessness
2. Ataxia
3. Visual
4. Myoclonus
5. Cognitive/mnestic deficits

C At least one of the following “relatively disease-specific symptoms/signs”
1. Loss of weight with a cutoff point of >10 kg during the last 6 months
2. �Vegetative: hyperhidrosis, newly diagnosed arterial hypertonia, tachycardia, obstipation, 

and hyperthermia
3. Husky voice

Adapted by permission from BMJ Publishing Group Limited. [A Krasnianski, P Sanchez Juan, 
Claudia Ponto, M Bartl, U Heinemann, et al. (2014) A proposal of new diagnostic pathway for fatal 
familial insomnia. Journal of Neurology, Neurosurgery & Psychiatry 85:654–9]
When A, B, and C are fulfilled, the next diagnostic step is a genetic analysis of PRNP
Abbreviations: CJD Creutzfeldt-Jakob disease, PRNP prion protein
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been addressed as the potential results of mutations of these genes. Among CRSDs, 
familial advanced sleep phase syndrome (fASPS) is an autosomal-dominant genetic 
disorder characterized by a regular sleep cycle that occurs 4 h earlier (advanced) than 
that of unaffected family members [3]. The first familial study showed a serine to 
glycine mutation in the casein kinase epsilon-binding regions of the PER2 gene on 
chromosome 2q as the causative mutation for fASPS [181], although this result was 
not replicated in the second study [182]. The other familial study of fASPS showed 
a missense mutation in the casein kinase 1δ (CK1δ) gene, but this mutation led to 
opposing phenotypes between transgenic Drosophila and mouse models [183].

Chronotype is an individual circadian trait and can be associated with CRSDs 
[5]. It includes morningness (advanced rhythms) and eveningness (“night owls”). 
Twin and family studies showed a moderate degree of heritability of the chronotype, 
ranging between 14% and 54%, and genetic factors can account for about 50% of 
the variability of chronotypes [6, 184, 185]. Some polymorphisms in the circadian 
rhythm-related genes were reported to be associated with the chronotype: those in 
PER1 and PER2 with morningness [186, 187], 3111C allele in the CLOCK gene; 
those in the PER3 with eveningness [188, 189]; and those in PER3 and ARNTL2 
with chronotype [190]. As results were mixed across the studies, probably because 
of the small sample sizes, further larger studies would be required to determine the 
genetic predispositions to chronotype.

13.9  �Conclusion

The goal of research on the genetic basis of sleep disorders is to identify genetic 
risks for these diseases and to reveal how the genetic variants affect the pathogene-
sis and pathophysiology of the diseases [3]. In terms of understanding cellular and 
molecular mechanisms in relation to genetic factors and disease manifestations, 
genetic studies of sleep disorders have just started.

Much work to identify the genetic variants that confer disease risks has been 
done, whereas most results of this work are inconclusive because of inadequate 
study design such as small sample size and liberal phenotyping and lack of replica-
tion across studies [5]. The genetic research has been most advanced in CCHS, 
narcolepsy, and RLS/WED. It is partly due to clearer phenotyping and relatively 
large sample sizes. OSA is a common but complex sleep disorder with multiple 
phenotypic components such as obesity, neuronal control of respiration, and cranio-
facial features. These multiple pathways have complicated identification of the 
genetic determinants of OSA. In insomnia, variable definitions and comorbidities, 
particularly psychiatric disorders, are supposed to be the major concerns. To detect 
common genetic factors across various phenotypes of insomnia, the identification of 
clinical features shared by several phenotypes of insomnia may be the first 
process.

Most sleep disorders have been shown to have significant heritability. However, 
genetic variances identified so far can account for only a little heritability. It partially 
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reflects the limitations of GAWS approach because GAWSs typically focus on com-
mon genetic variances with small effects and neglect rare variances with potentially 
larger effects. Thus, candidate genes for sleep disorders should be explored beyond 
several GWASs. Rare variant analysis using whole-exome or whole-genome 
sequencing methods may resolve the problem of “missing heritability” in sleep 
disorders.

Moreover, functional studies are always necessary to elucidate the pathways 
from genetic predispositions to disease manifestations. Functional analysis using 
cellular and animal models can clarify the underlying mechanisms of sleep disor-
ders as well as those of sleep, breathing, and other vital functions in healthy indi-
viduals. Translational research using omics and system biology methods also can 
help to understand what happens in patients with sleep disorders. Posttranscriptional 
modifications of gene expression can be potential players in sleep disorders. These 
functional analyses may be useful for identification of biomarkers and therapeutic 
targets.

In conclusion, although observational studies, candidate gene analysis, and 
GWASs have shed some light on the genetic aspects of sleep disorders, most risks 
and subsequent pathways remain unrevealed. Further genetic research and func-
tional analysis using clinically well-defined study participants are critical for devel-
oping novel preventive and therapeutic interventions in sleep disorders.
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Chapter 14
Pharmacokinetics, Pharmacodynamics, 
and Toxicities: What Should We Know 
About Genetic Factors that Affect 
the Pharmacotherapy of Pulmonary 
Diseases?

Takashi Sato

Abstract  There have been significant recent advances in the pharmacotherapy of 
lung diseases, particularly, molecular targeted therapy of lung cancer and idiopathic 
pulmonary fibrosis. However, there are some limitations inherent to this type of 
next-generation pharmacotherapy such as adverse drug reactions and nonresponse 
to therapy. Several factors may underlie the variability in response to therapy, 
including inherited variants in drug-metabolizing enzymes, transporters, receptors, 
and the fact that different signaling proteins can elicit different biological responses. 
Therefore, understanding the genetic factors that affect pharmacodynamics would 
help physicians determine interindividual differences in the absorption, distribution, 
metabolism, and excretion of specific drugs. Here, we review representative drugs 
often prescribed by pulmonologists, with special focus on genetic factors relating to 
efficacy, toxicity, safety, and responsiveness. An understanding of the genetic vari-
ants underlying interindividual differences in drug pharmacokinetics and pharma-
codynamics could move us toward personalized precision medicine in which 
cutting-edge pharmacogenomic analyses are used. In addition, advanced high-
throughput technologies such as a multigene panel platform could encourage physi-
cians to optimize therapy with more potent but less toxic drugs and to characterize 
individual genetic backgrounds.
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14.1  �Introduction

Recently, genome-wide association studies (GWAS) have been conducted for 
detecting single-nucleotide polymorphisms (SNPs) in the genome. The identifica-
tion of polymorphisms can help pulmonary scientists understand the abnormal 
genes responsible for lung diseases as well as those that can be therapeutically tar-
geted. Although the pharmacotherapy of pulmonary diseases has progressed, it is 
still challenging to elucidate the factors affecting individual variations in drug 
responses. To this end, we should understand pharmacokinetic and pharmacody-
namic drug interactions, particularly when several drugs are administered simulta-
neously. Drug responses partly depend on ethnicity, age, sex, weight, nutrition, 
smoking-inherited factors, and comorbidities, especially those affecting liver and 
renal function (Fig.  14.1). Of these, inherited variants in drug-metabolizing 
enzymes, transporters, receptors, and signaling molecules are thought to be of criti-
cal importance to the drug response. Genetic factors could be responsible for 
20–95% of variability in drug disposition [1]. Therefore, understanding genetically 
determined differences in an individual’s capacity to metabolize drugs would 
improve the benefit–risk profile. To this end, recent developments in genotyping 

Pharmacokinetics

Drug
administration

acokinetics

on

Drug at site of
action

Drug effects

Pharmacodynamics

Extrinsic

Intrinsic
Age
Race

Organ dysfunction
Disease

Pregnancy/ lactation
Gender

Genetics
Others     

Drug-drug interactions

Environment Smoking/ 
diet

Medical
practice

Alcohol
use

Regulatory Others

Fig. 14.1  The interindividual differences of response to drug are defined by many intrinsic and 
extrinsic factors affecting pharmacokinetics and pharmacodynamics processes. These factors 
influence drug concentration at the site of action and further observed drug effect. Adapted from 
reference [3] with permission
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microarray platforms specifically focusing on drug-metabolizing enzymes and 
transporters could be useful for drug optimization [2]. This chapter summarizes 
critical genetic factors affecting the pharmacotherapy of respiratory diseases that 
pulmonary physicians should be aware of.

14.2  �Pharmacokinetics and Pharmacodynamics

Pharmacokinetics is the time-course analysis of drug absorption, distribution, 
metabolism, and excretion processes. Of these, metabolism and excretion are the 
important drug elimination steps from the body. Genetic polymorphisms have been 
identified for many drug-metabolizing enzymes. Genetic variants lead to reduced or 
increased enzyme activity compared to wild-type alleles. Pharmacodynamics is the 
analysis of the relationship between drug concentration at the site of action and the 
resulting effects, including onset, intensity, and duration of the pharmacologic 
effects, and adverse events. Therefore, pharmacodynamics can be described as “the 
drug’s action on the body.” In contrast, pharmacokinetics can be described as “the 
action of the body on the drug.” Understanding the relationship among pharmacoki-
netics, pharmacodynamics, and factors affecting each process would help physi-
cians optimize medications and dosages for individual patients with enhanced 
efficacy and decreased toxicity (Fig.  14.1). As depicted in Fig.  14.1, individual 
variation in drug responses can be attributed to intrinsic ethnic factors (e.g., age, 
race, and genetics), extrinsic ethnic factors (e.g., environmental and cultural behav-
iors of diet, alcohol, and smoking), drug-drug interactions, and tolerance [3]. Since 
many drugs share the same metabolic enzymes and/or target the same receptors, it 
is also important to know the potential drug-drug interactions of representative 
drugs for the respiratory system.

14.3  �Drug-Metabolizing Enzymes

Drug-metabolizing enzymes have been the focus of recent pharmacogenetic stud-
ies. Drug metabolism occurs in two phases (phase I and phase II). Phase I reactions 
involve formation of a new or modified functional group or cleavage (oxidation, 
reduction, hydrolysis). These reactions primarily occur in the liver during hepatic 
circulation secondary to minor reactions occurring in the target organ such as gas-
trointestinal epithelial (via oral intake), skin (topical application), and lung tissues 
(inhalation). The most important phase I reaction is “oxidation” via cytochrome 
P450 (CYP); thus, hepatic CYP is the most critical enzyme in phase I drug metabo-
lism. Phase II reactions, also called conjugation reactions, act as the detoxifying 
step in drug metabolism. Key phase II enzymes are mainly transferases such as 
UDP-glucuronosyltransferases (UGTs), N-acetyltransferases (NATs), sulfotrans-
ferases, glutathione S-transferases (GSTs), and methyltransferases (mainly 
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thiopurine S-methyltransferases [TPMTs] and catechol O-methyltransferase). Some 
of these clinically used drugs are shown in Fig. 14.2 [4]. The majority of these phase 
I and phase II drug-metabolizing enzymes (DMEs) are polymorphic [5]. Most com-
mon polymorphisms in phase II metabolism occur in the NAT, GST, and TPMT 
enzymes. Polymorphisms in DME genes are the most important factors affecting 
interindividual differences in drug response and adverse drug reactions [6, 7]. The 
genetic polymorphisms in DMEs of several major drugs for respiratory diseases are 
shown in Table 14.1.

14.3.1  �CYP Enzymes

CYP enzymes involved in phase I drug metabolism are mainly located in the endo-
plasmic reticulum of the liver. A total of 57 human CYPs have been identified and 
classified into 18 families and 43 subfamilies [8]. Indeed, CYP enzymes metabo-
lize more than 80% of drugs used in clinical practice [9]. As shown in Fig. 14.2, 
CYP3A4/5 is involved in the metabolism of most drugs (30.2%), followed by 
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Fig. 14.2  Administering drugs are metabolized by drug-metabolizing enzymes (DMEs) through 
the processes of oxidation and conjugation. The oxidation process is mediated by phase I (left) 
DMEs, while conjugation process is mediated by phase II (right) DMEs. The contribution of each 
phase I and II DME to drug oxidation is indicated by the relative size of the corresponding pie. 
The majority of these phase I and II DMEs are polymorphic. ADH alcohol dehydrogenase, ALDH 
aldehyde dehydrogenase, CYP cytochrome P450, DPD dihydropyrimidine dehydrogenase, 
NQO1 NADPH/quinone oxidoreductase or DT diaphorase, COMT catechol O-methyltransferase, 
GST glutathione S-transferase, HMT histamine methyltransferase, NAT N-acetyltransferase, 
STs  sulfotransferases, TPMT thiopurine methyltransferase, UGTs uridine 5′-triphosphate gluc-
uronosyltransferases. Reprinted from reference [6] with permission
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CYP2D6 (20%), CYP2C9 (12.8%), CYP1A2 (8.9%), CYP2B6 (7.2%), CYP2C19 
(6.8%), CYP2C8 (4.7%), CYP2A6 (3.4%), and CYP2E1 (3%) [10]. Of these, five 
isoforms of CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 are respon-
sible for nearly all drug-related side effects [11]. Genetic variations in CYP 
enzymes depend on ethnicity, with variations occurring in 1–30% of populations 
[12]. Although individual functional polymorphisms may cause the same func-
tional effects in different ethnic populations, there is still ethnic diversity in drug 
response and drug-drug interactions. Here we review representative CYP poly-
morphisms that contribute to disease progression and pharmacotherapies of lung 
disease.

14.3.1.1  �CYP1A2

CYP1A2 contributes to theophylline metabolism. The human CYP1A2 gene is 
located on chromosome 15q24.1 and is known for its impact on blood pressure. 
Recently, the CYP1A2*1F allele was shown to be associated with caffeine intake 
and reduced hypertension risk among nonsmokers [13]. Several CYP1A2 variants 
have been reported in Japanese populations, with CYP1A2*1F allele (–163C > A) 
being the most frequently occurring [14]. Theophylline is mostly metabolized by 
CYP1A2 [15], and the CYP1A2*1F (–163C > A) polymorphism increases CYA1A2 
activity, resulting in increased theophylline metabolism [16]. Thus, serum theoph-
ylline concentration should be monitored and generally maintained at peak con-
centrations between 10 and 15 μg/mL to achieve the desired benefits. Theophylline 

Table 14.1  Representative genetic polymorphic drug-metabolizing enzymes affecting drugs for 
respiratory diseases

Disease Treatment
Drug-metabolizing enzyme/
common variant alleles Effect

Bronchial asthma Theophylline Cytochrome P450/CYP1A2*1F Increased enzymatic 
activity

Fluticasone 
propionate

Cytochrome P450/CYP3A4*22, 
CYP3A5*3

Decreased enzymatic 
activity

COPD Macrolide Cytochrome P450/CYP3A4*1B Controversial
Idiopathic 
pulmonary 
fibrosis

Pirfenidone Cytochrome P450/CYP1A2*1F Unclear

Lung cancer S-1 Cytochrome P450/CYP2A6*4 Unclear
Irinotecan Uridine diphosphate glucuronosyl

trasferase/UGT1A1*28, 
UGT1A1*6, UGT1A1*27

Decreased enzymatic 
activity

Pulmonary 
mycosis

Voriconazole Cytochrome P450/CYP2C19*17 Increased enzymatic 
activity

Tuberculosis Isoniazid N-acetyltrasferase type 2/ 
NAT2*5, NAT2*6, NAT2*7

Decreased enzymatic 
activity
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has traditionally been classified as a bronchodilator with multifunctional character-
istics of anti-inflammatory, immunomodulatory, and bronchoprotective effects and 
is used as a prophylactic anti-asthma drug and to treat chronic obstructive pulmo-
nary disease [17–20]. Pirfenidone, a newly developed anti-fibrotic agent for idio-
pathic pulmonary fibrosis, which was approved by the US Food and Drug 
Administration in 2014, is also mainly metabolized by CYP1A2 [21]. Thus, the 
CYP1A2*1F (−163C > A) polymorphism should be taken into account by pulmo-
nary physicians. Also, it should be noted that the activity of CYP1A2 may be 
altered by cigarette smoking (inducer) [21] or by co-medications, especially anti-
biotics such as ciprofloxacin (CYP1A2 inhibitor) and rifampicin (CYP1A2 
inducer) [22, 23]. The role of CYP1A2 has been excluded in macrolide-theophyl-
line interactions [24].

14.3.1.2  �CYP2A6

The CYP2A6 enzyme is critical in the metabolism of nicotine to inactive metabo-
lite cotinine; thus, the pharmacokinetics of nicotine are influenced by CYP2A6 
polymorphisms. In Asian populations, CYP2A6*4 (whole deletion type of the 
CYP2A6 gene), CYP2A6*7, and CYP2A6*9 are major polymorphisms that reduce 
the activity of CYP2A6, leading to decreased daily cigarette consumption [25]. The 
combined frequencies of the CYP2A6 allele are relatively higher in Japanese popu-
lations compared with Caucasian populations. Approximately 30% of Japanese 
individuals have impaired CYP2A6 activity, mainly due to CYP2A6*4. Moreover, 
Japanese individuals have lower expression of CYP2A6 enzymes than Caucasian 
individuals [26]. Taken together, these data show that CYP2A6 activity is impaired 
or decreased in many Japanese individuals, which may result in limited lifelong 
cigarette consumption by smokers, leading to a reduced risk of lung cancer and 
emphysema [25]. The association between CYP2A6 polymorphisms and lung can-
cer risk has been assessed but there is no conclusive evidence to date. Although 
CYP2A6 was not identified as a risk variant for lung cancer by GWAS analysis, a 
recent study reported that candidate predictive markers of genetic variants have 
greater CYP2A6 activity, increasing lung cancer risk in smokers [27]. The analysis 
of causal variants of lung cancer in CYP2A6 among smokers is still being studied. 
In clinical situations, these three main CYP2A6 polymorphisms should be consid-
ered when establishing an individualized smoking cessation program. S-1, a novel 
oral anticancer drug for non-small cell lung cancer, is a combination of three phar-
macological compounds: tegaful, gimeracil, and oteracil potassium. Tegaful is a 
prodrug of fluorouracil (5-FU) that is converted to 5-FU by the liver enzyme 
CYP2A6. Japanese patients homozygous for the CYP2A6*4 allele, which causes 
decreased CYP2A6 activity, show significantly lower 5-FU levels [28]. CYP2A6 
variants are associated with the pharmacokinetic variability of tegaful; however, 
gimeracil is a key determinant in the pharmacokinetic variability of 5-FU [29]. 
Therefore, dose adjustments of S-1 in accordance with CYP2A6 polymorphisms 
have not been recommended [30].

T. Sato



261

14.3.1.3  �CYP2C9

CYP2C9 is involved in the metabolism of many common drugs including warfarin, 
a mixture of S- and R-warfarin. Because S-warfarin is a fivefold more potent anti-
coagulant than R-warfarin and is mainly metabolized by CYP2C9, the activity of 
CYP2C9 influences its antithrombotic effects. The most common variants of 
CYP2C9*2 and CYP2C9*3 are associated with reduced enzyme activity; thus, 
CYP2C9 genotypes should be considered if the patient’s genotypes are available. A 
recent study reported that CYP2C9*3 increased the risk of upper gastrointestinal 
bleeding associated with nonsteroidal anti-inflammatory drugs when the patient 
took more than half the average dose [31]. In Japanese individuals, homozygosity 
for CYP2C9*3 was not detected; however, the incidence of heterozygous subjects 
who were intermediate metabolizers was about 5.3% [32]. Pulmonary physicians 
should note that CYP2C9 is induced by rifampicin, a drug used for the treatment of 
tuberculosis, thereby reducing the anticoagulant effects of warfarin [33].

14.3.1.4  �CYP2C19

CYP2C19 plays a critical role in the metabolism of several important groups of 
drugs such as antibiotic (e.g., clarithromycin), antifungal (e.g., voriconazole), anti-
cancer (e.g., cyclophosphamide and tamoxifen), antidepressant (e.g., amitriptyline), 
antiplatelet (e.g., cilostazol and clopidogrel), and antiulcer (e.g., omeplazole and 
lansoprazole) drugs. The human CYP1A2 gene is located on chromosome 10 
(10q24.1-q24.3), and polymorphisms in this gene such as CYP2C19*2, *3, and *17 
have been reported. CYP2C19*2 and CYP2C19*3, which are found in 12–23% of 
Asians, contribute to this population being poor metabolizers of the CYP2C19 
gene, whereas CYP2C19*17, a very rare allele found in 0.15–0.44% of Asians, is 
considered an ultra-rapid metabolizer allele [34]. Both omeprazole and clarithromy-
cin are metabolized by CYP2C19. A previous report revealed that clarithromycin 
inhibits omeprazole metabolism, leading to elevated serum concentrations of 
omeprazole irrespective of CYP2C19 genotypes. Thus, care should be taken when 
initiating triple therapy with omeprazole, amoxicillin, and clarithromycin for the 
eradication of Helicobacter pylori in patients who are poor metabolizers [35]. 
Although the CYP2C19*17 allele is very rare in Japanese individuals, voriconazole, 
an antifungal with a narrow therapeutic range, is rapidly metabolized by 
CYP2C19*17 carriers, causing increased serum concentrations of voriconazole of 
6.75 mg/kg compared to 2.57 mg/kg in patients with wild-type CYP2C19 [36].

14.3.1.5  �CYP2D6

CYP2D6, a highly polymorphic enzyme, has more than 75 allelic variants [37], of 
which the most common, CYP2D6*3, *4, *5, and *6, are associated with poor 
metabolism. Although this poor metabolizer phenotype is present in 5–10% of 
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individuals in Europe and the United States, the frequency in Asian populations is 
less than 1%. In Japanese populations, the CYP2D6*10 allele is the most common 
and has been identified as an intermediate metabolizer. In a recent report, 23.7% of 
Japanese subjects were homozygous for the CYP2D6*10 allele, which may require 
appropriate dose adjustment, especially when administering prodrug for improved 
parenteral administration [32]. Codeine and tramadol are prodrugs that are mainly 
metabolized by CYP2D6 to its active metabolite morphine and opioid analgesic 
metabolites (O-demethylation product M1), respectively. In fact, clinical studies 
have revealed that CYP2D6 poor metabolizers have poor analgesic responses due to 
reduced conversion to the active form.

14.3.1.6  �CYP3A4/5

CYP3A is the most abundant CYP enzyme, and is encoded by four genes located on 
chromosome 7 (7q21.1): CYP3A4, CYP3A5, CYP3A7, and CYP3A43. Of these, 
CYP3A4 and CYP3A5 are recognized as the major DMEs. Erythromycin and clar-
ithromycin are potential inhibitors of CYP3A4, as these drugs decrease the activity 
of CYP3A4  in a time-dependent manner [38]. The antifungals itraconazole and 
ketoconazole are also potent inhibitors of CYP3A4 inhibitors. Gefitinib and erlo-
tinib, epidermal growth factor receptor tyrosine kinase inhibitors, are both primarily 
metabolized by CYP3A4, and subsequently by CYP2D6 or CYP1A1, respectively 
[39]. In Japanese patients, gefitinib-induced hepatotoxicity was apparent when 
CYP3A4 was inhibited by coadministered drugs in patients with the CYP2D6*10 
allele [40]. Erlotinib-induced skin toxicity is often a limiting factor due to its sever-
ity in some patients; thus, critical genetic polymorphisms in DMEs are still being 
studied. In this way, clinically important kinase inhibitors such as afatinib, ceritinib, 
crizotinib, erlotinib, gefitinib, and nintedanib alter metabolism by CYP3A4 induc-
ers/inhibitors. Rifampicin is a CYP3A inducer that leads to a marked decrease in the 
plasma concentration of various coadministered drugs. Therefore, in addition to 
genetic variations in CYP3A, drug-drug interactions caused by CYP3A inhibition/
induction are extremely important, and will be summarized later in this chapter. 
Previous reports showed that there are 22 and 11 types of polymorphisms in 
CYP3A4 and CYP3A5, respectively [41]. Most CYP3A4/5 polymorphisms have a 
low incidence, and in particular, polymorphisms in CYP3A4 are rare in Asian popu-
lations [32]. CYP3A4*1B has been associated with the rapid metabolism of antican-
cer drugs such as docetaxel and cyclophosphamide; however, this allele has not 
been detected in Asian populations [42]. CYP3A4*22, which alters statin, tacroli-
mus, and cyclosporine metabolism, has only been found in Caucasian populations 
[42]. Thus, we focused on polymorphisms in the CYP3A5 enzyme. The CYP3A5*3 
allele, found most frequently in CYP3A5, produces nonfunctional protein, thus 
leading to poor metabolism. In Japanese populations, homozygosity for the 
CYP3A*5 allele was found in as many as 58.4% of subjects [32]. More importantly, 
CYP3A5 is the predominant CYP in the lung, and CYP3A4 is usually not found in 
respiratory tissues. Inhaled glucocorticoids such as budesonide and fluticasone pro-
pionate are primarily metabolized by airway CYP3A5. Fluticasone propionate is an 
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inactivator of CYP3A5, but budesonide is not [43]. Thus, in addition to the potential 
factor of gradual inactivation of CYP3A5 by repeated inhalation use of fluticasone 
propionate, careful consideration should be taken when treating patients who are 
potentially homozygous for the CYP3A5*3 allele, a poor metabolizer phenotype, as 
this drug can cause systematic adverse effects. CYP3A4/5 is profoundly associated 
with metabolism in more than 30% of clinically important drugs such as tacrolimus 
and midazolam, which should be considered in potential poor metabolizers, espe-
cially in Japanese patients.

14.3.2  �Phase II Metabolizing Enzymes

Phase II drug metabolism is the detoxifying step of drug metabolism. Therefore, 
gene polymorphisms in enzymes involved in phase II reactions may cause serious 
adverse events. Pulmonary physicians should take note of major phase II enzymes 
such as NATs and uridine diphosphate glucuronosyltransferases (UGTs).

14.3.2.1  �NAT2

NAT2 is a target of genetic polymorphisms and carries at least one wild-type allele 
(NAT2*4) or high-activity variant allele (NAT2*12), which results in high NAT2 
activity (means rapid acetylator). Isoniazid, a first-line drug for tuberculosis, is 
metabolized to acetylisoniazid by hepatic NAT2. The occurrence of adverse events 
also depends on NAT2 activity. For example, low NAT2 activity (having two low-
activity variants) leads to risk of hepatic toxicities in 28% of individuals compared 
to rapid acetylators. Thus, NAT2 genotyping before initiating antituberculosis ther-
apy including isoniazid could be beneficial [44]. Studies of individual dose adjust-
ment therapy with isoniazid according to NAT2 genotypes were planned for a 
tuberculosis patient in Europe (IDANET2) and in Japan; however, IDANET2 was 
prematurely terminated due to a low recruitment. The planned dosage of isoniazid 
was 5.0 mg/kg (standard dose) for intermediate acetylators, but patients classified as 
slow acetylators were randomly divided into 2.5 mg/kg and 5.0 mg/kg regimens. 
Patients classified as rapid acetylators were also randomly divided into 5.0 mg/kg 
and 7.5 mg/kg regimens. In enrolled Japanese patients, the incidence of slow acety-
lator genotypes without NAT2*4 was 9.3%, and that of rapid acetylator genotypes 
homozygous for NAT2*4 was 53.5% [45]. Liver toxicity occurred in 77.8% of slow 
acetylators receiving standard 5.0 mg/kg regimens, while those receiving 2.5 mg/kg 
had no liver toxicity with successful treatment. In rapid acetylators, the incidence of 
liver toxicity was almost the same at 4.2 and 4.5% with standard 5.0 mg/kg and 
increased 7.5 mg/kg regimens, respectively. More importantly, early treatment fail-
ure, defined as persistent positive culture and/or no improvement in chest radiograph 
at 8 weeks, was significantly lower at 15% in 7.5 mg/kg regimens compared to 38% 
with standard 5.0 mg/kg regimens in rapid acetylators [45]. Thus, NAT2 genotype-
guided dose adjustment therapy could improve pharmacotherapy of many diseases.
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14.3.2.2  �Uridine Diphosphate Glucuronosyltransferase

Uridine diphosphate glucuronosyltransferase (UGT1A1) contributes to irinotecan 
metabolism. Irinotecan (also known as CPT-11), an analog of camptothecin, is fre-
quently used for extensive stage small-cell lung cancer in combination with plati-
num therapy, especially in Japanese patients. Irinotecan is a prodrug that is 
hydrolyzed to its active form SN-38 and is then detoxified through glucuronidation 
by UGT1A1. Active SN-38 causes major adverse events such as diarrhea and neu-
tropenia, which limits the use of irinotecan as it can be life-threatening [46]. 
Irinotecan toxicities are strongly associated with UGT1A1 polymorphisms in the 
common promoter lesion (UGT1A1*28), especially when administered at moder-
ate to high doses (200–350 mg/m2), leading to variation in UGT1A1 expression 
[47]. The UGT1A1 enzyme is responsible for hapatic bilirubin glucuronidation. 
The UGT1A1*28 allele has been associated with significantly lower UGT1A1 
expression, leading to reduced glucuronidation of SN-38. The frequency of the 
UGT1A1*28 allele is as low as 15% in the Japanese population [48], which is about 
one-half or one-third lower than Caucasian, African-American, Hispanic, and 
African populations (range, 26–45%). In Asian populations, other UGT1A1 poly-
morphisms such as UGT1A1*6 (exon1 G71R polymorphism) are also important for 
irinotecan-induced toxicity. Although Japanese cancer patients with the UGT1A1*6 
haplotype alone showed no difference in SN-38 glucuronidation when receiving 
irinotecan, patients with the two haplotypes UGT1A1*6 and *28 had significantly 
lower SN-38 glucuronidation [49]. In Japan, genetic testing for UGT1A1*6 and 
*28 polymorphisms has been available and covered by health insurance since 
November 2008. In a recent report, patients homozygous for UGT1A1 (*28/*28, 
*6/*6, *28/*6) receiving an 80% dose of irinotecan in combination with 5-FU and 
l-leucovorin still had a risk of Grade ≥ 3 neutropenia (28.6%) [50]. Thus, pulmo-
nary physicians and oncologists should note that even heterozygous carriers of *6 
and *28 have significant changes in irinotecan metabolism. Actually, Grade ≥ 3 
neutropenia occurred in 25.4% of heterozygous carriers compared to 17.3% of 
wild-type carriers receiving a 100% dose of irinotecan [50]. UGT1A1*6 and *28 
are pharmacogenomic markers of irinotecan toxicity, although other factors such as 
transporter gene (ABCB1, ABCC2, ABCG2) polymorphisms might affect irinote-
can pharmacodynamics.

14.4  �Drug Target

The pharmacologic response to a drug could be mediated through the interaction 
between drugs and specific target proteins such as receptors, enzymes, and signal 
transduction proteins. There are several genetic polymorphisms in drug target genes 
that are associated with the response to drugs that are frequently used in respiratory 
medicine (Table 14.2).
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14.4.1  �β2-Adrenergic Receptor

Patients with the β2-adrenergic receptor (ADRB2) arginine genotype showed poor 
asthma control with frequent symptoms and decreased forced expiratory volume in 
1 second compared to those with the glycine genotype [51]. Patients with a genetic 
polymorphism that results in homozygosity for arginine at amino acid 16 of the 
β2-adrenergic receptor (B16 Arg/Arg) lost effects of the long-term response to 
short-acting β2-agonist (albuterol/salbutamol), which was not observed in patients 
homozygous for glycine (B16 Gly/Gly) [52]. This data suggest that pulmonary phy-
sicians should avoid using short-acting β2-agonists (albuterol/salbutamol) in 
patients with the B16 Arg/Arg genotype. With regard to long-acting β2-agonists, 
some studies have suggested that patients with the B16 Arg/Arg genotype also ben-
efit less from treatment with long-acting β2-agonists plus inhaled corticosteroids 
compared to those with the B16 Gly/Gly genotype. However, ADRB2 polymor-
phisms did not affect the pharmacogenetic response to inhaled corticosteroids plus 
long-acting β2-agonist in patients with asthma [53, 54]. Because patients treated 
with long-acting β2-agonists plus inhaled corticosteroids had improved airway 
function compared with those treated with inhaled corticosteroid alone irrespective 
of B16 genotype, pulmonary physicians can use these drugs in patients with or 
without the genetic polymorphism.

14.4.2  �Glucocorticoid Receptor

Glucocorticoid receptor gene polymorphisms could lead to resistance to glucocorti-
coids, resulting in the development of severe bronchial asthma. In particular, NR3C1 
(originally determined as nuclear receptor subfamily 3, group C, member 1), which 
encodes the glucocorticoid receptor has 2571 polymorphisms, with the most com-
mon polymorphism being NR3C1 646 C > G [55]. Polymorphisms in NR3C1 may 
inhibit formation of glucocorticoid/glucocorticoid receptor complexes, resulting in 

Table 14.2  Representative genetic polymorphisms in drug target genes associated with drugs for 
respiratory diseases

Drug target gene Treatment Effect

β2-Adrenergic receptor  
(B16 Arg/Arg)

Short-acting β2 agonist Lose effectiveness

Glucocorticoid receptor NR3C1 
(646 C > G)

Glucocorticoid Lose effectiveness?

Leukotriene C4 syntase Leukotriene receptor antagonists Marked amelioration
5-lipoxygenase Leukotriene receptor antagonists Marked amelioration
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a reduced response to glucocorticoids. Further studies are needed to elucidate the 
association between NR3C1 gene polymorphisms and resistance to glucocorticoids 
in patients with asthma.

14.4.3  �Leukotriene C4 Synthase

Leukotriene receptor antagonists block leukotriene C4 synthase, resulting in preven-
tion of leukotriene-mediated bronchoconstriction. Polymorphisms in the leukotriene 
C4 synthase gene may increase asthma prevalence. Higher levels of cysteinyl leukot-
riene variants in the leukotriene C4 synthase genotype were correlated with asthma 
severity. Thus, leukotriene modifiers in these patients could be beneficial [56].

14.4.4  �5-Lipoxygenase

Leukotriene receptor antagonists block 5-lipoxygenase, which also inhibits 
leukotriene-mediated bronchoconstriction. Approximately 5% of patients with 
asthma have the 5-lipoxygenase polymorphism, which is linked to asthma severity. 
Administering leukotriene antagonists in this population leads to a greater improve-
ment in lung function compared to patients with the normal 5-lipoxygenase 
genotype.

14.5  �Enzyme Induction and Inhibition  
(Drug-Drug Interaction)

Many drugs for the respiratory system influence on liver metabolic activity. Thus, 
regardless of favorable or adverse genetic factors in drug metabolism, enzyme 
induction and inhibition should be considered. Clinically important drugs with a 
special focus on drug-drug interactions are summarized in Table 14.3. Rifampicin, 
a first-line regimen for tuberculosis and nontuberculosis mycobacterium infection 

Table 14.3  Drug-drug interaction with respect to clinically important drugs for respiratory 
diseases

CYP1A2 CYP2C9 CYP2C19 CYP3A

Strong inhibitor Erythromycin Clarithromycin 
Itraconazole Voriconazole

Moderate 
inhibitor

Clarithromycin

Major inducer Rifampicin Rifampicin Rifampicin Rifampicin
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in some cases, activates CYP3A4 [57]. Rifabutin, another rifamycin that is used as 
an alternative of rifampicin, is a weak inducer of CYP3A4 compared to rifampicin 
[58]. Thus, physicians should consider increasing the dose of coadministered drug 
metabolized by CYP3A4 if rifampicin is used. Macrolide, a clinically relevant drug 
that interacts with CYP3A4, has variable abilities to bind to and inhibit CYP3A4. 
Erythromycin strongly binds to and inhibits CYP3A4, while clarithromycin has a 
lower affinity for this enzyme. The majority of currently approved kinase inhibitors 
such as gefitinib, erlotinib, afatinib, alectinib, ceritinib, crizotinib, and nintedanib 
are markedly affected by CYP3A4 inhibitors/inducers. These kinase inhibitors 
should be closely monitored for tolerability upon the concomitant use of CYP3A4 
inhibitors such as macrolides and azole antifungal drugs like itraconazole, a more 
potent inhibitor of CYP3A4 than fluconazole or voriconazole. Preclinical and clini-
cal drug interaction studies would establish personalized dosing recommendations.

14.6  �Genotyping Platform

Recent advances in genotyping microarray platforms for detecting SNPs in DMEs 
are strong tools for individualized medicine. AmpliChip CYP450 Test (Roche 
Diagnostics Corporation), which was approved for clinical use by the US Food and 
Drug Administration in 2005, was first available in Japan in 2009 and detected 33 
CYP2D6 alleles and 3 CYP2C19 alleles. CodeLink Uniset Human I Bioarray (GE 
Healthcare), which covered 32 Human CYP genes including CYP1A1, 2B6, 2C9, 
2D6, and 3A5, is no longer used in Japan. Illumina, Inc., produced a genotyping 
tool for 34 ADME genes using VeraCode technology in 2010. This covers over 95% 
of the PharmaADME Core list, which includes 184 putative functional genetic vari-
ants in 33 significant ADME genes of phase I/II drug-metabolizing enzymes and 
transporters. The DMET™ (Drug Metabolism Enzymes and Transporters) platform 
developed by Affymetrix expanded the coverage of 76 phase I enzymes, 62 phase II 
enzymes, 51 transporters, and 41 other genes. The DMET™ platform, first released 
in 2007, is currently indicated for research use only; however, it will become a com-
panion diagnostic tool for prospective clinical trials requiring genotyping of ADME 
genes to determine interindividual variability and therapeutic outcome.

14.7  �Conclusions

Although the drug response in subjects is variable due to many intrinsic and extrin-
sic factors, genetic factors remain constant throughout life. Therefore, if the 
genotype-response relationship has been elucidated, prospective genetic testing 
would be beneficial for predicting the drug response. In considering genetic factors, 
efforts should be made to understand pharmacokinetics, pharmacodynamics, and 
drug-drug interactions to support personalized medicine.

14  Pharmacokinetics, Pharmacodynamics, and Toxicities



268

References

	 1.	Kalow W, Tang BK, Endrenyi L. Hypothesis: comparisons of inter- and intra-individual varia-
tions can substitute for twin studies in drug research. Pharmacogenetics. 1998;8(4):283–9.

	 2.	Arbitrio M, Di Martino MT, Scionti F, Agapito G, Guzzi PH, Cannataro M, et al. DMET (Drug 
Metabolism Enzymes and Transporters): a pharmacogenomic platform for precision medicine. 
Oncotarget. 2016;7(33):54028–50. https://doi.org/10.18632/oncotarget.9927.

	 3.	Huang SM, Temple R. Is this the drug or dose for you? Impact and consideration of ethnic fac-
tors in global drug development, regulatory review, and clinical practice. Clin Pharmacol Ther. 
2008;84(3):287–94. https://doi.org/10.1038/clpt.2008.144.

	 4.	Fakunle ES, Loring JF. Ethnically diverse pluripotent stem cells for drug development. Trends 
Mol Med. 2012;18(12):709–16. https://doi.org/10.1016/j.molmed.2012.10.007.

	 5.	Sim SC, Ingelman-Sundberg M.  Pharmacogenomic biomarkers: new tools in current and 
future drug therapy. Trends Pharmacol Sci. 2011;32(2):72–81. https://doi.org/10.1016/j.
tips.2010.11.008.

	 6.	Evans WE, Relling MV.  Pharmacogenomics: translating functional genomics into rational 
therapeutics. Science. 1999;286(5439):487–91.

	 7.	Frueh FW, Amur S, Mummaneni P, Epstein RS, Aubert RE, DeLuca TM, et al. Pharmacogenomic 
biomarker information in drug labels approved by the United States food and drug admin-
istration: prevalence of related drug use. Pharmacotherapy. 2008;28(8):992–8. https://doi.
org/10.1592/phco.28.8.992.

	 8.	 Ingelman-Sundberg M. The human genome project and novel aspects of cytochrome P450 
research. Toxicol Appl Pharmacol. 2005;207(2 Suppl):52–6. https://doi.org/10.1016/j.
taap.2005.01.030.

	 9.	Nebert DW, Russell DW.  Clinical importance of the cytochromes P450. Lancet. 
2002;360(9340):1155–62. https://doi.org/10.1016/S0140-6736(02)11203-7.

	10.	Zanger UM, Schwab M.  Cytochrome P450 enzymes in drug metabolism: regulation of 
gene expression, enzyme activities, and impact of genetic variation. Pharmacol Ther. 
2013;138(1):103–41. https://doi.org/10.1016/j.pharmthera.2012.12.007.

	11.	Slaughter RL, Edwards DJ.  Recent advances: the cytochrome P450 enzymes. Ann 
Pharmacother. 1995;29(6):619–24. https://doi.org/10.1177/106002809502900612.

	12.	Rostami-Hodjegan A, Tucker GT. Simulation and prediction of in vivo drug metabolism in 
human populations from in  vitro data. Nat Rev Drug Discov. 2007;6(2):140–8. https://doi.
org/10.1038/nrd2173.

	13.	Guessous I, Dobrinas M, Kutalik Z, Pruijm M, Ehret G, Maillard M, et al. Caffeine intake and 
CYP1A2 variants associated with high caffeine intake protect non-smokers from hypertension. 
Hum Mol Genet. 2012;21(14):3283–92. https://doi.org/10.1093/hmg/dds137.

	14.	Soyama A, Saito Y, Hanioka N, Maekawa K, Komamura K, Kamakura S, et al. Single nucle-
otide polymorphisms and haplotypes of CYP1A2  in a Japanese population. Drug Metab 
Pharmacokinet. 2005;20(1):24–33.

	15.	Yim EY, Kang HR, Jung JW, Sohn SW, Cho SH. CYP1A2 polymorphism and theophylline 
clearance in Korean non-smoking asthmatics. Asia Pac Allergy. 2013;3(4):231–40. https://doi.
org/10.5415/apallergy.2013.3.4.231.

	16.	Zhou SF, Yang LP, Zhou ZW, Liu YH, Chan E. Insights into the substrate specificity, inhibi-
tors, regulation, and polymorphisms and the clinical impact of human cytochrome P450 1A2. 
AAPS J. 2009;11(3):481–94. https://doi.org/10.1208/s12248-009-9127-y.

	17.	Barnes PJ.  Theophylline: new perspectives for an old drug. Am J Respir Crit Care Med. 
2003;167(6):813–8. https://doi.org/10.1164/rccm.200210-1142PP.

	18.	Culpitt SV, de Matos C, Russell RE, Donnelly LE, Rogers DF, Barnes PJ. Effect of theophyl-
line on induced sputum inflammatory indices and neutrophil chemotaxis in chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med. 2002;165(10):1371–6.

T. Sato

https://doi.org/10.18632/oncotarget.9927.
https://doi.org/10.1038/clpt.2008.144
https://doi.org/10.1016/j.molmed.2012.10.007
https://doi.org/10.1016/j.tips.2010.11.008
https://doi.org/10.1016/j.tips.2010.11.008
https://doi.org/10.1592/phco.28.8.992
https://doi.org/10.1592/phco.28.8.992
https://doi.org/10.1016/j.taap.2005.01.030
https://doi.org/10.1016/j.taap.2005.01.030
https://doi.org/10.1016/S0140-6736(02)11203-7
https://doi.org/10.1016/j.pharmthera.2012.12.007
https://doi.org/10.1177/106002809502900612
https://doi.org/10.1038/nrd2173
https://doi.org/10.1038/nrd2173
https://doi.org/10.1093/hmg/dds137
https://doi.org/10.5415/apallergy.2013.3.4.231
https://doi.org/10.5415/apallergy.2013.3.4.231
https://doi.org/10.1208/s12248-009-9127-y
https://doi.org/10.1164/rccm.200210-1142PP


269

	19.	Hirano T, Yamagata T, Gohda M, Yamagata Y, Ichikawa T, Yanagisawa S, et al. Inhibition 
of  reactive nitrogen species production in COPD airways: comparison of inhaled cor-
ticosteroid and oral theophylline. Thorax. 2006;61(9):761–6. https://doi.org/10.1136/
thx.200X.058156.

	20.	Kobayashi M, Nasuhara Y, Betsuyaku T, Shibuya E, Tanino Y, Tanino M, et al. Effect of low-
dose theophylline on airway inflammation in COPD. Respirology. 2004;9(2):249–54. https://
doi.org/10.1111/j.1440-1843.2004.00573.x.

	21.	Yu J, Ritchie TK, Zhou Z, Ragueneau-Majlessi I. Key findings from preclinical and clinical 
drug interaction studies presented in new drug and biological license applications approved by 
the Food and Drug Administration in 2014. Drug Metab Dispos. 2016;44(1):83–101. https://
doi.org/10.1124/dmd.115.066720.

	22.	Backman JT, Granfors MT, Neuvonen PJ. Rifampicin is only a weak inducer of CYP1A2-
mediated presystemic and systemic metabolism: studies with tizanidine and caffeine. Eur J 
Clin Pharmacol. 2006;62(6):451–61. https://doi.org/10.1007/s00228-006-0127-x.

	23.	Granfors MT, Backman JT, Neuvonen M, Neuvonen PJ.  Ciprofloxacin greatly increases 
concentrations and hypotensive effect of tizanidine by inhibiting its cytochrome P450 
1A2-mediated presystemic metabolism. Clin Pharmacol Ther. 2004;76(6):598–606. https://
doi.org/10.1016/j.clpt.2004.08.018.

	24.	Polasek TM, Miners JO.  Macrolide-theophylline interactions: no role for the inhibi-
tion of cytochrome P4501A2. Br J Clin Pharmacol. 2008;66(6):898–900. https://doi.
org/10.1111/j.1365-2125.2008.03299.x.

	25.	Minematsu N, Nakamura H, Furuuchi M, Nakajima T, Takahashi S, Tateno H, et  al. 
Limitation of cigarette consumption by CYP2A6*4, *7 and *9 polymorphisms. Eur Respir J. 
2006;27(2):289–92. https://doi.org/10.1183/09031936.06.00056305.

	26.	Shimada T, Yamazaki H, Guengerich FP.  Ethnic-related differences in coumarin 
7-hydroxylation activities catalyzed by cytochrome P4502A6 in liver microsomes of Japanese 
and Caucasian populations. Xenobiotica. 1996;26(4):395–403.

	27.	Patel YM, Park SL, Han Y, Wilkens LR, Bickeboller H, Rosenberger A, et  al. Novel asso-
ciation of genetic markers affecting CYP2A6 activity and lung cancer risk. Cancer Res. 
2016;76(19):5768–76. https://doi.org/10.1158/0008-5472.CAN-16-0446.

	28.	Kaida Y, Inui N, Suda T, Nakamura H, Watanabe H, Chida K. The CYP2A6*4 allele is deter-
minant of S-1 pharmacokinetics in Japanese patients with non-small-cell lung cancer. Clin 
Pharmacol Ther. 2008;83(4):589–94. https://doi.org/10.1038/sj.clpt.6100484.

	29.	Hirose T, Fujita K, Nishimura K, Ishida H, Yamashita K, Sunakawa Y, et al. Pharmacokinetics 
of S-1 and CYP2A6 genotype in Japanese patients with advanced cancer. Oncol Rep. 
2010;24(2):529–36.

	30.	Kobayakawa M, Kojima Y.  Tegafur/gimeracil/oteracil (S-1) approved for the treatment of 
advanced gastric cancer in adults when given in combination with cisplatin: a review com-
paring it with other fluoropyrimidine-based therapies. Onco Targets Ther. 2011;4:193–201. 
https://doi.org/10.2147/OTT.S19059.

	31.	Figueiras A, Estany-Gestal A, Aguirre C, Ruiz B, Vidal X, Carvajal A, et  al. CYP2C9 
variants as a  risk modifier of NSAID-related gastrointestinal bleeding: a case-con-
trol study. Pharmacogenet Genomics. 2016;26(2):66–73. https://doi.org/10.1097/
FPC.0000000000000186.

	32.	Ota T, Kamada Y, Hayashida M, Iwao-Koizumi K, Murata S, Kinoshita K. Combination analy-
sis in genetic polymorphisms of drug-metabolizing enzymes CYP1A2, CYP2C9, CYP2C19, 
CYP2D6 and CYP3A5 in the Japanese population. Int J Med Sci. 2015;12(1):78–82. https://
doi.org/10.7150/ijms.10263.

	33.	Chen J, Raymond K.  Roles of rifampicin in drug-drug interactions: underlying molecular 
mechanisms involving the nuclear pregnane X receptor. Ann Clin Microbiol Antimicrob. 
2006;5:3. https://doi.org/10.1186/1476-0711-5-3.

	34.	Hirota T, Eguchi S, Ieiri I. Impact of genetic polymorphisms in CYP2C9 and CYP2C19 on the 
pharmacokinetics of clinically used drugs. Drug Metab Pharmacokinet. 2013;28(1):28–37.

14  Pharmacokinetics, Pharmacodynamics, and Toxicities

https://doi.org/10.1136/thx.200X.058156
https://doi.org/10.1136/thx.200X.058156
https://doi.org/10.1111/j.1440-1843.2004.00573.x
https://doi.org/10.1111/j.1440-1843.2004.00573.x
https://doi.org/10.1124/dmd.115.066720
https://doi.org/10.1124/dmd.115.066720
https://doi.org/10.1007/s00228-006-0127-x
https://doi.org/10.1016/j.clpt.2004.08.018
https://doi.org/10.1016/j.clpt.2004.08.018
https://doi.org/10.1111/j.1365-2125.2008.03299.x
https://doi.org/10.1111/j.1365-2125.2008.03299.x
https://doi.org/10.1183/09031936.06.00056305
https://doi.org/10.1158/0008-5472.CAN-16-0446
https://doi.org/10.1038/sj.clpt.6100484
https://doi.org/10.2147/OTT.S19059
https://doi.org/10.1097/FPC.0000000000000186
https://doi.org/10.1097/FPC.0000000000000186
https://doi.org/10.7150/ijms.10263
https://doi.org/10.7150/ijms.10263
https://doi.org/10.1186/1476-0711-5-3.


270

	35.	Furuta T, Ohashi K, Kobayashi K, Iida I, Yoshida H, Shirai N, et al. Effects of clarithromycin 
on the metabolism of omeprazole in relation to CYP2C19 genotype status in humans. Clin 
Pharmacol Ther. 1999;66(3):265–74. https://doi.org/10.1016/S0009-9236(99)70034-2.

	36.	Lamoureux F, Duflot T, Woillard JB, Metsu D, Pereira T, Compagnon P, et  al. Impact of 
CYP2C19 genetic polymorphisms on voriconazole dosing and exposure in adult patients 
with invasive fungal infections. Int J Antimicrob Agents. 2016;47(2):124–31. https://doi.
org/10.1016/j.ijantimicag.2015.12.003.

	37.	Belle DJ, Singh H.  Genetic factors in drug metabolism. Am Fam Physician. 
2008;77(11):1553–60.

	38.	Akiyoshi T, Ito M, Murase S, Miyazaki M, Guengerich FP, Nakamura K, et al. Mechanism-
based inhibition profiles of erythromycin and clarithromycin with cytochrome P450 3A4 
genetic variants. Drug Metab Pharmacokinet. 2013;28(5):411–5.

	39.	Li J, Zhao M, He P, Hidalgo M, Baker SD.  Differential metabolism of gefitinib and erlo-
tinib by human cytochrome P450 enzymes. Clin Cancer Res. 2007;13(12):3731–7. https://doi.
org/10.1158/1078-0432.CCR-07-0088.

	40.	Takimoto T, Kijima T, Otani Y, Nonen S, Namba Y, Mori M, et al. Polymorphisms of CYP2D6 
gene and gefitinib-induced hepatotoxicity. Clin Lung Cancer. 2013;14(5):502–7. https://doi.
org/10.1016/j.cllc.2013.03.003.

	41.	Elens L, van Gelder T, Hesselink DA, Haufroid V, van Schaik RH.  CYP3A4*22: prom-
ising newly identified CYP3A4 variant allele for personalizing pharmacotherapy. 
Pharmacogenomics. 2013;14(1):47–62. https://doi.org/10.2217/pgs.12.187.

	42.	Lee JS, Cheong HS, Kim LH, Kim JO, Seo DW, Kim YH, et al. Screening of genetic poly-
morphisms of CYP3A4 and CYP3A5 genes. Korean J Physiol Pharmacol. 2013;17(6):479–84. 
https://doi.org/10.4196/kjpp.2013.17.6.479.

	43.	Murai T, Reilly CA, Ward RM, Yost GS. The inhaled glucocorticoid fluticasone propionate 
efficiently inactivates cytochrome P450 3A5, a predominant lung P450 enzyme. Chem Res 
Toxicol. 2010;23(8):1356–64. https://doi.org/10.1021/tx100124k.

	44.	Ohno M, Yamaguchi I, Yamamoto I, Fukuda T, Yokota S, Maekura R, et  al. Slow 
N-acetyltransferase 2 genotype affects the incidence of isoniazid and rifampicin-induced hepa-
totoxicity. Int J Tuberc Lung Dis. 2000;4(3):256–61.

	45.	Azuma J, Ohno M, Kubota R, Yokota S, Nagai T, Tsuyuguchi K, et al. NAT2 genotype guided 
regimen reduces isoniazid-induced liver injury and early treatment failure in the 6-month four-
drug standard treatment of tuberculosis: a randomized controlled trial for pharmacogenetics-
based therapy. Eur J Clin Pharmacol. 2013;69(5):1091–101. https://doi.org/10.1007/
s00228-012-1429-9.

	46.	Fuchs CS, Moore MR, Harker G, Villa L, Rinaldi D, Hecht JR. Phase III comparison of two iri-
notecan dosing regimens in second-line therapy of metastatic colorectal cancer. J Clin Oncol. 
2003;21(5):807–14. https://doi.org/10.1200/JCO.2003.08.058.

	47.	Hoskins JM, Goldberg RM, Qu P, Ibrahim JG, McLeod HL.  UGT1A1*28 genotype and 
irinotecan-induced neutropenia: dose matters. J Natl Cancer Inst. 2007;99(17):1290–5. https://
doi.org/10.1093/jnci/djm115.

	48.	Ando Y, Saka H, Ando M, Sawa T, Muro K, Ueoka H, et  al. Polymorphisms of UDP-
glucuronosyltransferase gene and irinotecan toxicity: a pharmacogenetic analysis. Cancer Res. 
2000;60(24):6921–6.

	49.	Sai K, Saeki M, Saito Y, Ozawa S, Katori N, Jinno H, et al. UGT1A1 haplotypes associated with 
reduced glucuronidation and increased serum bilirubin in irinotecan-administered Japanese 
patients with cancer. Clin Pharmacol Ther. 2004;75(6):501–15. https://doi.org/10.1016/j.
clpt.2004.01.010.

	50.	Miyata Y, Touyama T, Kusumi T, Morita Y, Mizunuma N, Taniguchi F, et  al. UDP-
glucuronosyltransferase 1A1*6 and *28 polymorphisms as indicators of initial dose level of 
irinotecan to reduce risk of neutropenia in patients receiving FOLFIRI for colorectal cancer. 
Int J Clin Oncol. 2016;21(4):696–703. https://doi.org/10.1007/s10147-015-0937-x.

T. Sato

https://doi.org/10.1016/S0009-9236(99)70034-2
https://doi.org/10.1016/j.ijantimicag.2015.12.003
https://doi.org/10.1016/j.ijantimicag.2015.12.003
https://doi.org/10.1158/1078-0432.CCR-07-0088
https://doi.org/10.1158/1078-0432.CCR-07-0088
https://doi.org/10.1016/j.cllc.2013.03.003
https://doi.org/10.1016/j.cllc.2013.03.003
https://doi.org/10.2217/pgs.12.187
https://doi.org/10.4196/kjpp.2013.17.6.479
https://doi.org/10.1021/tx100124k
https://doi.org/10.1007/s00228-012-1429-9
https://doi.org/10.1007/s00228-012-1429-9
https://doi.org/10.1200/JCO.2003.08.058
https://doi.org/10.1093/jnci/djm115
https://doi.org/10.1093/jnci/djm115
https://doi.org/10.1016/j.clpt.2004.01.010.
https://doi.org/10.1016/j.clpt.2004.01.010.
https://doi.org/10.1007/s10147-015-0937-x


271

	51.	Tan S, Hall IP, Dewar J, Dow E, Lipworth B. Association between beta 2-adrenoceptor poly-
morphism and susceptibility to bronchodilator desensitisation in moderately severe stable 
asthmatics. Lancet. 1997;350(9083):995–9. https://doi.org/10.1016/S0140-6736(97)03211-X.

	52.	 Israel E, Chinchilli VM, Ford JG, Boushey HA, Cherniack R, Craig TJ, et al. Use of regu-
larly scheduled albuterol treatment in asthma: genotype-stratified, randomised, placebo-
controlled cross-over trial. Lancet. 2004;364(9444):1505–12. https://doi.org/10.1016/
S0140-6736(04)17273-5.

	53.	Bleecker ER, Postma DS, Lawrance RM, Meyers DA, Ambrose HJ, Goldman M. Effect of 
ADRB2 polymorphisms on response to longacting beta2-agonist therapy: a pharmacogenetic 
analysis of two randomised studies. Lancet. 2007;370(9605):2118–25. https://doi.org/10.1016/
S0140-6736(07)61906-0.

	54.	Wechsler ME, Kunselman SJ, Chinchilli VM, Bleecker E, Boushey HA, Calhoun WJ, et al. 
Effect of beta2-adrenergic receptor polymorphism on response to longacting beta2 agonist in 
asthma (LARGE trial): a genotype-stratified, randomised, placebo-controlled, crossover trial. 
Lancet. 2009;374(9703):1754–64. https://doi.org/10.1016/S0140-6736(09)61492-6.

	55.	Mohamed NA, Abdel-Rehim AS, Farres MN, Muhammed HS.  Influence of glucocorticoid 
receptor gene NR3C1 646 C>G polymorphism on glucocorticoid resistance in asthmat-
ics: a preliminary study. Cent Eur J Immunol. 2015;40(3):325–30. https://doi.org/10.5114/
ceji.2015.54594.

	56.	Asano K, Shiomi T, Hasegawa N, Nakamura H, Kudo H, Matsuzaki T, et al. Leukotriene C4 
synthase gene a(−444)C polymorphism and clinical response to a CYS-LT(1) antagonist, pran-
lukast, in Japanese patients with moderate asthma. Pharmacogenetics. 2002;12(7):565–70.

	57.	Finch CK, Chrisman CR, Baciewicz AM, Self TH. Rifampin and rifabutin drug interactions: 
an update. Arch Intern Med. 2002;162(9):985–92.

	58.	Reinach B, de Sousa G, Dostert P, Ings R, Gugenheim J, Rahmani R. Comparative effects of 
rifabutin and rifampicin on cytochromes P450 and UDP-glucuronosyl-transferases expression 
in fresh and cryopreserved human hepatocytes. Chem Biol Interact. 1999;121(1):37–48.

14  Pharmacokinetics, Pharmacodynamics, and Toxicities

https://doi.org/10.1016/S0140-6736(97)03211-X
https://doi.org/10.1016/S0140-6736(04)17273-5
https://doi.org/10.1016/S0140-6736(04)17273-5
https://doi.org/10.1016/S0140-6736(07)61906-0
https://doi.org/10.1016/S0140-6736(07)61906-0
https://doi.org/10.1016/S0140-6736(09)61492-6
https://doi.org/10.5114/ceji.2015.54594
https://doi.org/10.5114/ceji.2015.54594


Part III
Oncogenic Driver Mutation (Somatic 

Mutations) in Lung Cancer



275© Springer Nature Singapore Pte Ltd. 2018 
T. Kaneko (ed.), Clinical Relevance of Genetic Factors in Pulmonary Diseases, 
Respiratory Disease Series: Diagnostic Tools and Disease Managements, 
https://doi.org/10.1007/978-981-10-8144-6_15

Chapter 15
EGFR: How Important Is EGFR  
Mutation Status in the Management 
of Lung Cancer?

Mizuki Haraguchi and Kazuhisa Takahashi

Abstract  The underlying basis of the cancer phenotype is caused by the alteration 
of genes that regulate cell growth, differentiation, proliferation, and programmed 
cell death. Along with the molecular biology of the cell, over the last several decades, 
numerous other important factors that contribute to cell growth, differentiation, and 
proliferation processes have been found. In contrast to normal cells, cancer cells 
have the capacity to proliferate without external stimuli, usually as a consequence 
of gene mutations. The human epidermal growth factor receptor (EGFR) is overex-
pressed or dysfunctional in many human malignancies. EGFR is one of the human 
epidermal growth factor receptor (HER) family proteins, and signaling intermedi-
ated by EGFR has received intense focus, resulting in the emergence of attractive 
candidates for anticancer therapy, especially in lung cancer. In this section, we focus 
on the signaling cascade via EGFR and overview the therapeutic approach against 
EGFR.

Keywords  Epidermal growth factor receptor (EGFR) · Driver mutation  
EGFR-tyrosine kinase inhibitor · Resistance

15.1  �Molecular Mechanism of EGFR

The underlying bases of the cancer phenotype are referred to as cancer hallmarks 
and include deregulated cell growth, local invasiveness, and the ability to form dis-
tant metastases, which stem from genomic alterations that change the expression 
and function of key genes and thereby impart a malignant phenotype [1]. There are 
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two types of gene whose products influence cells acquiring neoplasmic characteris-
tics in the course of independent cell growth. Genes that promote autonomous cell 
growth in cancer cells are called oncogenes, and proto-oncogenes are their cellular 
counterparts without the mutations. Oncogenes are created by mutations in proto-
oncogenes and gain the activity of the protein product from proto-oncogene that can 
promote cell growth in the absence of normal growth-promoting signals. While 
oncogenes drive the proliferation of cells, the products of most tumor suppressor 
genes apply brakes to cell proliferation, and abnormalities in these genes lead to the 
failure of growth inhibition, another fundamental hallmark of carcinogenesis. In a 
cancer cell, aggregations of oncogenes and tumor suppressor genes lead to wide-
spread changes in the cell’s gene expression profile and free the cell from the nor-
mal checkpoints and controls that are tightly controlled in normal cells, subsequently 
resulting in excessive proliferation. Therefore, tumors are known to sometimes har-
bor these aberrant mutations [2]. The binding of a ligand to its specific receptor is 
one of several cell communication tools. In response to this binding, the activation 
of internal receptors triggers a cascade of intracellular events, culminating in the 
desired cellular response that includes any of a number of different cellular pro-
cesses, including the cell growth, proliferation, survival and invasion. In normal 
cells, these processes are strictly controlled, but the investigation of the signal trans-
duction pathways that regulate normal cellular functions has revealed that key com-
ponents of these networks are commonly constitutively activated or suppressed in 
cancer cells by mutations, amplification/deletion, chromosomal translocation, over-
expression, or epigenetic silencing [3]. A subset of cancers is dependent on genomic 
alterations in oncogenes or tumor suppressor genes for their growth and survival, so 
molecules that inhibit these oncogenes directly lead to cancer cell apoptosis, a phe-
nomenon known as “oncogene addiction [4, 5].” This fact has spurred a number of 
studies, leading to the development of drugs that selectively inhibit altered proteins 
that are critical for the maintenance of the transformed phenotype. These agents 
have shown unprecedented clinical activity in genetically defined subsets of can-
cers. Imatinib is a first-generation molecular-targeted drug approved by FDA in 
2001. Imatinib has provided the first proof that tyrosine kinase modulation, through 
tyrosine kinase inhibitors (TKIs), can result in improved clinical outcomes in cancer 
therapy. The impressive clinical benefits of imatinib in hematological malignancies 
with BCR-ABL overexpression have attracted attention. For example, the treatment 
of chronic myeloid leukemia (CML) harboring BCL-ABL with imatinib prolonged 
the overall survival. This success has demonstrated the effectiveness of targeting the 
critical genetic region that promotes proliferative signals in cancer cells [6]. Over 
the past several years, it has become evident that HER/ERBB family members play 
a prominent role in the initiation and maintenance of several solid tumors. This has 
led to the development and widespread implementation of specific HER/ERBB 
inhibitors as cancer therapies. HER/ERBB family members have been of much 
attention for the molecular targeting of cancer therapeutics owing to their abnormal 
overexpression or activation in many epithelial tumors and their influence on the 
growth and survival in malignant states [7, 8]. Since EGFR is crucial target espe-
cially in lung cancer, investigation of EGFR-mediated signaling is essential to 
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understand EGFR-targeted therapy [9]. EGFR-mediated signal transduction 
involves several steps, as follows: (1) the ligand binds to EGFR, (2) homo-/heterodi-
mers are formed, and autophosphorylation occurs, and (3) various intracellular 
pathways are stimulated. In this section, we first overview the structure of EGFR 
and signal transduction through EGFR.

15.1.1  �The Ligand Binds to EGFR (Fig. 15.1a)

The signaling cascade mediated by EGFR is initiated on binding of the EGFR ligands 
to the extracellular domain of EGFR. One of the EGFR ligands is EGF, which was 
initially purified from mouse submaxillary glands in 1962 by Cohen et  al. Those 

Fig. 15.1  The ErbB family receptors consist of an extracellular domain, transmembrane domain, 
and intracellular domain. The extracellular domain of each ErbB receptor consists of four domains 
(I–IV). In the diagram of the ectdomain, DI is colored red, DII green, DIIII yellow, and DIV blue. 
Left: before ligand binding, ErbB receptors assume a tethered structure. Right: binding of ligands 
to the extracellular domain of ErbB receptors results in receptor dimerization, tyrosine kinase 
activation, and autophosphorylation (a). Activation of ErbB family receptors and downstream sig-
naling pathways. Activated ErbB family receptors form homo- or heterodimers with other family 
members, resulting in activation of downstream signaling pathways, along with some of the key 
constituent signaling molecules are shown. The signaling cascade mediated by activated ErbB 
family receptors includes two broad categories of pathways, the RAS/RAF/MEK/ERK pathway is 
shown on the right, and the PI3K/Akt/mTOR pathway is shown on the left. The activation of down-
stream signaling pathways leads to the cell proliferation, angiogenesis, anti-apoptosis, migration, 
adhesion, and invasion (b)
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authors found that EGF promotes premature eyelid opening and incisor eruption. In 
1978, EGFR was identified as the cell surface receptor for EGF [3]. EGFR was later 
learned to be a 486-amino-acid receptor protein of 170 kDa with one transmembrane 
sequence between four extracellular and three intracellular domains [10]. EGFR 
belongs to the ERBB family of receptor tyrosine kinases originally named because 
of their homology to the erythroblastoma viral gene product, v-erbB [11]. The ERBB 
protein receptor family comprises four receptors: EGFR/ERBB1, HER2/ERBB2, 
HER3/ERBB3, and HER4/ERBB4. All four members of the HER/ERBB family are 
receptor tyrosine kinases (RTKs) with an analogous structure, consisting of an extra-
cellular ligand-binding domain, a single hydrophobic transmembrane domain, and 
an intracellular domain that contains a conserved tyrosine kinase domain [11]. These 
receptors interact with a family of 13 polypeptide growth factors, which contain a 
conserved EGF domain, including EGF, transforming growth factor (TGF)-α, hepa-
rin-binding (HB) EGF, amphiregulin, betacellulin, and epiregulin [11]. These ligands 
can bind all ERBB family receptors except HER2/ERBB2 but have different binding 
affinities for each receptor. The EGF family of ligands can be divided into three 

Fig. 15.1  (continued)
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groups: the first group binds specifically to EGFR, and the second group shows dual 
specificity, binding both EGFR and ERBB4. The third group forms two subgroups 
based on their capacity to bind ERBB3 and ERBB4 or only ERBB4 [12]. The bind-
ing of a ligand to the ERBB family receptor initiates signaling cascades through 
converting extracellular signals to intracellular ones. The structure of the ERBB fam-
ily receptor is divided into three domains: an extracellular domain which binds to the 
ligand, a transmembrane domain, and an intracellular domain, which has tyrosine 
kinase activity. Interestingly, no ligand has been confirmed to bind to HER2, and the 
intrinsic tyrosine kinase is defective in the cytoplasmic domain of HER3 [9]. These 
receptors are thought to contribute to the modulation of intracellular signals. The 
extracellular domain of the ERBB family receptors is important for ligand binding 
and dimerization and is divided into four domains: DI, DII, DIII, and DIV [13]. It has 
been shown that the DI and DIII domains are important for ligand binding, and there 
is a direct receptor-receptor interaction promoted by the DII dimerization arm. 
Before the conformational change occurs, the extracellular domain of the ERBB 
family assumes the so-called tethered structure, in which the DII dimerization inter-
face is blocked by intramolecular interactions between DII and DIV. When the ligand 
binds to the extracellular domain, the ligand is pinched by DI and DIII, and EGFR is 
stabilized in an extended conformation, exposing the DII dimerization arm and other 
residues. As mentioned before, ERBB2 lacks the capacity to bind a growth factor 
ligand. Despite having no soluble ligand, ERBB2 is important because it is the pre-
ferred heterodimerization partner of the other ligand-bound family members. The 
ERBB2 has a fixed conformation that resembles the ligand-activated state of other 
member of the family, and because DII is exposed, ERBB2 interacts with  
other family members easily [12]. The binding of growth factors results in the dimer-
ization of ERBB family receptors with itself or others and promotes receptor 
autophosphorylation [13, 14].

15.1.2  �Homo-/Heterodimers Are Formed, 
and Autophosphorylation Occurs (Fig. 15.1a)

In this step, the intracellular domain of EGFR, which contains tyrosine residues and 
activity domains of tyrosine kinase, has an important role. The binding of ligands to 
the extracellular domain of ERBB family receptors induces the formation of recep-
tor homo- or heterodimers, allowing for the activation of the intrinsic tyrosine 
kinase domain and phosphorylation of the tyrosine residues in the dimer partner 
[15]. Approximately, ten EGFR tyrosine residues are phosphorylated following 
receptor dimerization, and different ligands cause the phosphorylation of distinct 
sets of EGFR tyrosine residues. However, the mechanism is still unclear [16]. 
Phosphorylated tyrosine residues in ERBB receptors serve as docking sites for a 
series of cytosolic proteins containing Src homology 2 (SH2) domains, called adap-
tor proteins, or phospho-tyrosine-binding (PTB) motifs, called docking proteins. 
More than 117 SH2 domains have been characterized that recognize the unique 
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profile of phosphorylated tyrosine residues plus a specific amino acid sequence 
motif around the tyrosine residues within their intracellular domains. Adaptor pro-
teins play a pivotal role in mediating interaction RTKs with specific downstream 
signaling cascades. In contrast, docking proteins have many tyrosine residues, and 
activated RTKs phosphorylate these residues. Increasing the number of phosphory-
lated tyrosine residues can promote the assembly of signal transduction. Ligand 
binding to EGFR results in activation of number of intracellular signaling pathways 
via adaptor proteins and docking proteins [3, 7].

15.1.3  �Various Intracellular Pathways  
Are Stimulated (Fig. 15.1b)

Autophosphorylation and transphosphorylation of the receptors through their tyro-
sine kinase domains lead to the recruitment of downstream effectors and the stimu-
lation of proliferative and cell survival signals. The signaling cascade mediated by 
activated EGFR includes two broad categories of pathways: the RAS/RAF/MEK/
ERK pathway and the PI3K/AKT/mTOR pathway, which lead to the cell prolifera-
tion, angiogenesis, migration, survival, and adhesion.

15.1.3.1  �RAS/RAF/MEK/ERK Pathway [17–20]

RAS proteins are guanine nucleotide-binding proteins. The RAS genes encode sev-
eral highly homologous 21-kDa membrane-bound proteins, including KRAS, 
HRAS, and NRAS. KRAS mutations are frequently reported in lung cancer, but 
HRAS and NRAS mutations are only occasionally documented. RAS proteins have 
intrinsic GTPase activity and exist in two states, cycling between each state: an 
inactive GDP-bound state and active GTP-bound state. GDP/GTP exchange thus 
allows RAS proteins to function as binary molecular switches. To activate GDP-
bound state RAS proteins, guanine nucleotide exchange factors (GEFs) play impor-
tant role. They promote RAS activation by binding to GDP-bound RAS and 
facilitating the release of GDP and the binding of GTP. SOS is one of the mostly 
highly characterized RAS-GEF. Ligand binding to ERBB family receptors induces 
receptor dimerization and autophosphorylation of the tyrosine residues in the recep-
tor cytoplasmic tail. SHC, a docking protein, recognizes phosphorylated ERBB 
family receptor tyrosine residues and acts as a scaffold protein. The adaptor protein 
GRB2 is recruited to SHC because the SH2 domain of GRB2 recognizes the SHC 
docking sites. In turn, GRB2 recruits SOS via its SH3 domain. SOS is located close 
to RAS, thereby positioning SOS near membrane-anchored RAS and resulting in 
the loading of RAS with GTP. RAS inactivation is catalyzed by GTPase-activating 
proteins (GAPs), which enhance the intrinsic GTPase activity of RAS proteins by 
100,000-fold. The function of RAS as a binary molecular switch is adjusted by 
GEFs and GAPs. RAS directly interacts with more than 20 effector proteins, and 
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RAF kinase is the a direct effector of activated RAS. Activated RAF is responsible 
for the serine/threonine phosphorylation of MEK. Activated MEK serves as a threo-
nine/tyrosine kinase, which in turn phosphorylates ERK. There are many targets of 
ERK, including cytosol proteins (e.g., p90RSK) and nucleus proteins (e.g., tran-
scription factors Elk1, Ets2, Fos, Jun, ATF2, AP1, Myc, and CREB1), which pro-
mote the proliferation and survival.

15.1.3.2  �PI3K/AKT/mTOR Pathway [10, 21–23]

A second key intracellular signaling pathway is controlled by the lipid kinase 
PI3K. The PI3K/AKT/mTOR pathway is downstream of the activated ERBB recep-
tors. ERBB family members can activate this pathway via PLC-γ, and RAS can also 
promote signaling through this pathway. Activated PI3K phosphorylates the 3-OH 
group of the inositol ring of phosphatidylinositol, resulting in the generation of PIP3 
from PIP2. PIP3 then binds to multiple proteins, such as AKT, that have the PH 
domain, facilitating their recruitment to the plasma membrane and conformational 
change and thus regulating their function. The activity of PI3K is regulated by its 
regulatory subunit. This regulatory subunit associates with phosphorylated tyrosine 
residues located on the intracellular domains of ERBB family receptors through an 
SH2 domain, resulting in the allosteric activation of the catalytic subunit of 
PI3K. The PI3K/AKT/mTOR pathway activity is negatively regulated by the lipid 
phosphatase PTEN, which degrades PIP3 to PIP2. Finally, serine/threonine kinase 
mTOR, a downstream effector of AKT, is an important intracellular signaling 
enzyme in the regulation of the cell growth, motility, and survival of tumor cells. 
Other signaling pathways in addition to these two signaling pathways, such as the 
JAK/STAT pathway, have also been reported [24]. These pathways interact with 
each other and constitute the complicated intracellular signal network for control-
ling the cell proliferation and/or survival [25].

15.2  �Driver Mutations and Molecular Target Drugs

Cancer is a genetic disease caused by genomic abnormalities. Genomic primary 
structural abnormalities include gene amplification/deletion, point mutation, and 
rearrangements associated with chromosomal translocations. Cancer is diagnosed 
according to the state of the cumulative effect of many of these genetic mutations. 
Among these, in particular, genetic mutations involving in cancer cell development/
proliferation or maintaining survival are called driver mutations. On the other hand, 
mutations only accidentally occurring due to genetic instability or in the process of 
cell division, which have less effect on carcinogenesis/proliferation, are called pas-
senger mutations. The state in which cell proliferation or maintaining survival 
strongly depends on a specific driver mutation is expressed as oncogene addiction. 
Among molecular target drugs targeting such driver mutations, some drugs exhibit 
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higher antitumor activity than conventional cytotoxic anticancer drugs and are 
widely used in lung cancer therapy. Among many driver mutations, epidermal 
growth factor receptor (EGFR) genetic mutations have been reported to date, the 
profiles of which are known to significantly vary between Japan and the West 
(Fig. 15.2) [26].

15.3  �EGFR Genetic Mutations and EGFR-TKI

15.3.1  �EGFR Genetic Mutations (Fig. 15.3) [27]

EGFR genetic mutations are the driver mutations most frequently occurring in 
patients with lung cancer in Japan, observed in 35–53% of cases involving pulmo-
nary adenocarcinoma [28, 29]. On the other hand, EGFR genetic mutations occur 
less in Westerners, particularly Caucasians, observed in less than 20% (Fig. 15.2) 
[26]. EGFR is a receptor tyrosine kinase which is present in all epithelial cells, and 
when ligands such as EGF and TGF-α bind together to form dimers, the intrinsic 
tyrosine kinase of the EGFR is activated, causing autophosphorylation of the tyro-
sine residues in the intracellular domain, followed by the initiation of multiple sig-
nal transductions including RAS/MAP kinase, PI3K/AKT, and STAT routes, leading 
to cell proliferation or suppression of apoptosis. Consequently, EGFR plays an 
important role in the control of differentiation, development, proliferation, and 
maintenance of cells in normal tissues. In cancer cells, mutations occur in exons 
18–21, which are the first four exons among the exons encoding tyrosine kinase of 
EGFR proteins, causing the continuous activation of EGFR which is not dependent 
on ligands, resulting in carcinogenesis. Among Japanese individuals, EGFR genetic 
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Fig. 15.2  Difference in EGFR mutation frequency in patients with non-small cell lung cancer, 
adenocarcinoma histology between Japan and the USA (left panel, Japan; right panel, the 
USA) [26]

M. Haraguchi and K. Takahashi



283

mutations are observed in approximately 50% of cases involving lung adenocarci-
noma (Fig. 15.2), which is the therapeutic target.

15.3.2  �EGFR Genetic Mutation Testing

Detection methods have been successively reported since the discovery of EGFR 
genetic mutations. Moreover, recently, multiplex testing using the next-generation 
sequence (NGS) method, etc. has become available and is increasingly used for 
laboratory developed tests (LDT) in medical institutions and examination centers 
with CLIA/CAP certification in the USA (Table 15.1) [30–41]. Generally, the detec-
tion sensitivity required in EGFR mutation examinations using tumor tissues is said 
to be approximately 1–5%. This examination was originally conducted by major 
examination centers in which a quality guarantee system was maintained using an 
examination method equivalent to the abovementioned LDT method (LDT equiva-
lent method). Subsequently, an examination method approved for in  vitro 
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Fig. 15.3  Structure of the epidermal growth factor receptor (EGFR) protein and frequency of 
EGFR mutations in lung cancer by a compilation of recent large studies. Each codon of representa-
tive mutations was mapped on the protein sequence of the EGFR kinase domain. Codons in exon 
18, 19, 20, and 21 are shown in blue, yellow, red, and green, respectively. Spiral structures repre-
sent alpha-helixes. Thick arrows indicate beta-sheet (Ref. [27])

15  EGFR Mutation in Lung Cancer



284

diagnostics (IVD) was put on the market in 2012; furthermore, an examination 
method approved for IVD companion diagnostics, which was the first method for 
EGFR mutation examinations in Japan, became available in 2016, resulting in a 
rapid rise in the use of the IVD method. Because 90% of EGFR mutations are either 
exon 21 L858R mutations or exon 19 deletion mutations, it is possible to conduct 
searches targeting specific mutations. Since this examination came to be covered by 
insurance in 2007, three LDT equivalent methods including the PNA LNA 

Table 15.1  EGFR genetic mutation testing

Class (in 
tissue) Technique

Sensitivity 
(% Mutant 
DNA)

Mutations 
Identified

Detection of 
Co-mutations

Potential 
Applications Ref(s)

IVD JP
US
EU

Cobas 3%–5% Known 
only

No Tissue, 
Plasma

[30]

Therascreen 1%–10% Known 
only

No Tissue, 
Plasma

[30]

EU 
only

MassARRAY Dx 
Lung Panel

1%–10% Known 
only

Yes (hotspots) Tissue [31]
[32]

Oncomine™ 
Solid Tumour 
DNA Kit

1%–10% Known 
and new

Yes Tissue –

RUO Direct 
sequencing

10%–25% Known 
and new

No Tissue MS

Pyrosequencing 5%–10% Known 
only

No Tissue [33]

Multiplex PCR 
(Snapshot)

5% Known 
only

Yes (hotspots) Tissue [34]

WAVE-surveyor 2% Known 
only

No Tissue, 
Plasma

[35]

High-depth NGS 
(at least l000× 
depth)

1%–10% Known 
and new

Yes Tissue, 
Plasma

[36]

Scorpion ARMS 1% Known 
only

No Tissue, 
Plasma

–

Locked nucleic 
acid clamp

1% known 
only

No Tissue, 
Plasma

[37]

TAm-Seq 2% Known 
and new

Yes Tissue, 
Plasma

[38]

BEAMing <0.1% Known 
only

No Tissue, 
Plasma

[39]

Digital droplet 
PCR

<0.1 % Known 
only

No Tissue, 
Plasma

[40]

CAPP-Seq ~0.02% Known 
and new

Yes Plasma [41]

EGFR epidermal growth factor receptor gene, PCR Polymerase Chain reaction, NGS next-
generation sequencing, ARMS amplification refractory mutation system, CAPP cancer personal-
ized profiling by deep sequencing, RUO research use only, IVD in v'itïo diagnostics, MS multiple 
studies
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PCR-Clamp method, PCR-Invader method, and Cycleave method, which have been 
adopted in major examination centers, became mainstream examination methods in 
Japan. Subsequently, the real-time PCR method using the Scorpion ARMS method 
(therascreen® EGFR mutation detection kit; QIAGEN) and the real-time PCR 
method using the TaqMan probe method (cobas® EGFR mutation detection kit; 
Roche Diagnostics) were, respectively, approved for IVD in February 2012 and 
January 2014. Mutations to be targeted by searches in the initial examination prior 
to EGFR-TKI administration include, when the IVD method is used, the rare G719X 
mutation, L861Q mutation, exon 20 insertion mutation, and S768I mutation as well 
as the major L858R mutation, exon 19 deletion mutation, and T790M mutation. 
Integrated analysis of LUX-Lung2, LUX-Lung3, and LUX-Lung6 revealed that, 
among rare mutations which can be searched for using the IVD method, the G719X 
mutation, L861Q mutation, and S768I mutation exhibited sensitivity to afatinib 
[48]. Moreover, regarding the exon 20 insertion mutation, poor effect on first- and 
second-generation EGFR-TKIs has been reported [42–48]. The cobas® EGFR gene 
mutation detection kit ver.2 (Roche Diagnostics®) has been approved in November 
2015 in the USA and March 2016 in Japan, respectively, as IVD companion diag-
nostic kit to detect secondary T790M mutation, which is heavily involved in 2nd 
generation of EGFR-TKI. The samples to be analyzed in this kit is genome DNA 
extracted from formalin-fixed paraffin embedded (FFPE). This kit is only one 
approved companion diagnostic kit for osimertinib, third-generation EGFR-
TKI. The concordance between this kit and other approved IVD tests and NGS is 
95.6% and 91%, respectively.

15.3.3  �EGFR-TKI

EGFR-tyrosine kinase inhibitor (TKI) is a drug which inhibits signal transduction 
downstream by binding to ATP binding sites of tyrosine kinase present in the EGFR 
intracellular domain and exerts an antitumor effect. In the abovementioned EGFR 
genetic mutations, particularly in non-small cell lung cancers with the exon 19 dele-
tion mutation and exon 21 point mutation (L858R), the affinity of EGFR-TKI is 
known to be high. High-frequency adverse effects include exanthema and diarrhea 
which are associated with inhibiting wild-type EGFR, the control of which is impor-
tant for long-term administration. Moreover, as a fatal adverse event, attention must 
be paid to interstitial pneumonia.

15.3.3.1  �First-Generation EGFR-TKI

In Japan, gefitinib (Iressa®) and erlotinib (Tarceva®) are approved for medical insur-
ance. Both drugs exhibited effects significantly exceeding standard platinum com-
bination chemotherapy in multiple phase III studies for untreated advanced EGFR 
genetic mutation-positive non-small cell lung cancer (Table 15.2) [49–52] and have 
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been assessed as one of the standard initial treatments for EGFR genetic mutation-
positive non-small cell lung cancer. Although differences in the effects of gefitinib 
and erlotinib have been examined in some prospective clinical trials, no clear differ-
ence in effect has been shown [53, 54]. Regarding adverse events, while a highly 
frequent/severe tendency for diarrhea, exanthema, etc. has been observed with erlo-
tinib, liver dysfunction tends to be frequent with gefitinib (Table 15.3). On the other 
hand, erlotinib has better cerebrospinal fluid transitivity and greater effect on brain 
metastasis carcinomatous meningitis than gefitinib.

15.3.3.2  �Second-Generation EGFR-TKI

Afatinib (Giotrif®) is a TKI which irreversibly inhibits not only EGFR but also 
ERBB2 and ERBB4 having the same HER family molecules as EGFR and is called 
second-generation EGFR-TKI. As with first-generation EGFR-TKI, afatinib also 
exhibited effects exceeding standard platinum combination chemotherapy in mul-
tiple phase III studies in the initial treatment for advanced EGFR genetic mutation-
positive non-small cell lung cancer [55, 56] and has also been assessed as one of the 
standard initial treatments for EGFR genetic mutation-positive non-small cell lung 
cancer. In the LUX-Lung 7 study, which is a phase IIB study, differences in the 

Table 15.2  Randomized phase III studies comparing 1st and 2nd generation of EGFR-TKI with 
chemotherapy in patients with non-small cell lung cancer harboring with EGFR activation 
mutations

Study Regimen Case (n) mPFS HR (95%CI)

NEJ002 [49] Gefitinib 99 10.8m 0.30 (0.22–0.41)
p < 0.001CBDCA+PTX 101 5.4m

WJTOG3405 [50] Gefitinib 88 9.2m 0.489 (0.336–0.710)
p < 0.001CDDP+DTX 88 6.3m

OPTIMAL [51] Erlotinib 82 13.1m 0.16 (0.10–0.26)
p < 0.0001CBDCA+GEM 72 4.6m

EURTAC [52] Erlotinib 86 9.7m 0.37 (0.25–0.54)
p < 0.0001Platinum doublet 87 5.2m

CBDCA carboplatin, PTX pactlitaxel, CDDP cisplatin, DTX doxetaxel, GEM gemcitabine

Table 15.3  Frequency of toxicity induced by EGFR-TKI

Gefitinib Erlotinib Afatinib Osimertinib

Skin 
toxicity

Any grade 71.1%–85.1% 66.7%–73.5% 80.8%–89.1% 21.4%–33.7%
Grade 3, 4, or 5 2.3%–5.3% 2.4%–13.1% 9.4%–16.2% 0.0%–0.7%

Diarrhea Any grade 34.2%–61.0% 25.3%–52.4% 88.3%–95.2% 36.5%–40.5%
Grade 3, 4, or 5 0.9%–1.3% 1.2%–4.8% 5.4%–14.4% 0.5%–1.1%

Hepatic 
toxicity

Any grade 23.9%–70.1% 3.6%–37.3% 9.4%–20.1% 4.9%–6.5%
Grade 3, 4, or 5 7.5%–27.6% 2.4%–3.6% 0.0%–1.7% 0.7%–1.1%

Interstitial 
pneumonia

Any grade 2.3%–5.3% 0.0%–1.2% 0.0%–1.3% 2.7%–3.6%
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effects of afatinib and gefitinib of first-generation EGFR-TKI were examined 
regarding EGFR gene-positive non-small cell lung cancer. Regarding progression-
free survival (PFS), which is one of the primary endpoints, the median values were 
11.0 months with afatinib and 10.9 months with gefitinib (p = 0.0178), indicating 
that afatinib had significantly good results; however, regarding the overall survival 
(OS), which is another primary endpoint, no significant difference was observed 
(27.9 months vs. 24.5 months, p = 0.258) [57]. On the other hand, afatinib had a 
more frequent/severe tendency for diarrhea and skin disorders than gefitinib 
(Table 15.3). As of yet, there is no clear standard regarding the different use of first 
and second generations, and even in the 2016 guidelines by the Japan Lung Cancer 
Society, there is no difference in the recommended grades of both. There are differ-
ences in the side effects between first- and second-generation EGFR-TKIs, which 
can currently be used in Japan [58]. In both first- and second-generation EGFR-
TKIs, it is known that interstitial pneumonia is more often observed as a side effect 
compared with Western and Chinese individuals, and regarding the mechanism 
thereof, prospective clinical trials are currently ongoing. Table  15.4 lists EGFR-
TKIs which can be used in practical medical examinations to date.

15.3.3.3  �Combination Therapy of First- and Second-Generation 
EGFR-TKIs

In many cases, first-/second-generation EGFR-TKIs are known to become resistant 
from 9 to 14 months after administration. Multiple studies regarding combination 
therapies including EGFR-TKI and other antineoplastic drugs have been conducted 
to further extend the effect of EGFR-TKI and enhance the effect thereof (Table 15.5). 
Regarding the phase III controlled studies which have been reported to date, there 
was only one report from Hong Kong mentioning that PFS was significantly 

Table 15.4  Comparison of EGFR-TKI

Gefitinib
Iressa®

Erlotinib
Tarceva®

Afatinib
GiotrifⓇ

Structure N O

O
O

N

CH3
N

HN

F

CI
D01977 D07907

CH

CH3

CH3

HN

N

N

O

O

O
O

 

N

N

HN

CI
D09724

F

N
O

O
O

CH3

CH3
N
H

 

Target EGFR EGFR EGFR/ERBB2/ERBB4
Mechanism Reversible Reversible Irreversible
Approved July 2002 October 2007 April 2014
T 1/2 48 h 32 h 33.9 h
MTD 700 mg 150 mg 50 mg
RD 250 mg 150 mg 40 mg
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extended by adding platinum + gemcitabine to gefitinib; however, no significant 
difference was observed in OS [59]. Other reports involved single arm phase II stud-
ies or control phase II studies. The NEJ005 study was a phase II study in which two 
groups combining gefitinib and CBDCA+PEM sequentially or concurrently were 
compared. Although PFS was good for both groups at more than 15 months, no 
significant difference was observed [60]. JO25567 was a randomized controlled 
phase II study in which an erlotinib group and a group in which bevacizumab, which 
is an angiogenesis inhibitor, was combined with erlotinib were compared regarding 
EGFR genetic mutation-positive non-small cell lung cancer, with the result that the 
combination group significantly extended PFS compared with erlotinib single 
drug(16.0  M vs. 9.7  M, HR: 0.54 (0.36–0.74), p  =  0.0015 [61]. Based on these 
results, the NEJ026 study, which has a similar design and is a phase III study, is 
ongoing, and the case registration has just completed. Moreover, regarding EGFR 
genetic mutation-positive non-small cell lung cancer, a controlled phase III study is 
ongoing in which gefitinib single drug and the so-called sandwich treatment, in 
which gefitinib and CDDP+PEM are alternately administered, are compared. 
Therapies combining other antineoplastic drugs with EGFR-TKI are not standard 
therapies as of yet. Going forward, the results of these phase III studies are 
warranted.

Table 15.5  Combination treatment with EGFR-TKI in non-small cell lung cancer

Study Phase Regimen N mPFS HR (95% CI) MST
HR (95% 
CI)

Cheng. 
IASLC2015

2 Gefitinib 65 10.9m 0.68 
(0.48–0.96)
p = 0.029

NR –
Gefitinib+PEM 126 15.8m NR

Yoshimura. 
Lung Cancer 
2015

2 Gefitinib+PEM 26 18.0m – 32.0m –

NEJ005 [60] 2 Gefitinib+ 
CBDCA+ PEM 
sequential

39 15.3m 0.71 
(0.42–1.20)
p = 0.20

30.7m 0.51
(0.26–0.99)
p = 0.042

Gefitinib+ 
CBDCA+ PEM 
concurrent

41 18.3m 41.9m

FASTACT-2 
[59] (EGFR mt 
subset)

3 Platinum+GEM 48 6.9m 0.25 
(0.16–0.39)
p < 0.001

20.6m 0.48
(0.27–0.84)
p = 0.0092

Erlotinib+ 
platinum+GEM

49 16.8m 31.4m

OLCSGT 1001 2 Gefitinib+ 
bevacizumab

42 14.4m – NR –

JO25567 [61] 2 Erlotinib 75 9.7m 0.54 
(0.36–0.79)
p = 0.0015

NR –
Erlotinib+ 
bevacizumab

77 16.0m NR
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15.3.3.4  �Resistance to First-/Second-Generation EGFR-TKIs

When first-/second-generation EGFR-TKI is administered for over 1 year, exacer-
bation is caused in many cases, clinically leading to the occurrence of EGFR-TKI 
resistance. As the resistance mechanism, the acquisition of second mutations such 
as exon 20 T790M, bypass signals due to MET/HER2, activation downstream due 
to PTEN deletion, and transformation to small cell cancer, etc. have been reported; 
however, among these, resistance due to second mutations such as exon 20 T790M 
occurs most frequently, accounting for approximately half (Fig. 15.4) [62, 63]. For 
resistance cases which occurred approximately 1 year following the administration 
of first-/second-generation EGFR-TKI, clinical trials involving, for example, a shift 
to chemotherapy on a continuing basis or beyond PD therapy, which combines che-
motherapy with the continuous administration of first-/second-generation EGFR-
TKI, were conducted; however, no prolonged survival effect was observed.

15.3.3.5  �Third-Generation EGFR-TKI

Osimertinib (Tagrisso®) is an EGFR-TKI which irreversibly inhibits exon20 T790M, 
which is a resistant mutation, as a target in addition to EGFR-TKI sensitivity muta-
tions. In the phase III study (AURA3 study), in which osimertinib and platinum 
combination chemotherapy were compared, regarding EGFR genetic mutation-pos-
itive non-small cell lung cancer, in which resistance is caused upon the administra-
tion of EGFR-TKI as the first-line treatment and T790M is observed by re-biopsy, 
osimertinib exhibited significantly good results with a median value of 10.1 months 
in the PFS of the primary endpoint compared with 4.4 months with platinum com-
bination chemotherapy [64] and has been assessed as one of the standard treatments 
for EGFR T790M-positive non-small cell lung cancer. Low inhibitory activity 

49%

5%

14%

5%

27%

T790M MET amplification SCLC transformation PIK3CA othersFig. 15.4  Resistant 
mechanism for 1st and 2nd 
generation of EGFR-TKI 
[62, 63]
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against wild-type EGFR is also one of the characteristics of osimertinib, resulting in 
the problematic adverse events in conventional EGFR-TKI such as diarrhea and 
exanthema being relatively mild (Table 15.3). On the other hand, attention must be 
paid to the incidence of interstitial pneumonia in Japanese patients which is moder-
ately high at 6.3% as well as toxic effects such as QTc prolongation by electrocar-
diogram. A phase III study (FLAURA study) directly comparing osimertinib and 
gefitinib for untreated advanced EGFR genetic mutation-positive non-small cell 
lung cancer is currently ongoing, with the potential to lead to drastic changes in the 
standing of osimertinib depending on the results. Although the T790M mutant allele 
is confirmed by re-biopsy of the tumor tissue, a liquid biopsy using the plasma is 
also available.
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Chapter 16
ALK and Others: How Important Are 
ALK and Other Mutations 
in the Management of Lung Cancer?

Hisatsugu Goto and Yasuhiko Nishioka

Abstract  The discovery of gene aberrations that drive cancer progression has led 
to new ways in classifying lung cancer and to the development of various molecular-
targeted agents. Over the last decade, treatment strategies for non-small cell lung 
cancer (NSCLC) patients have rapidly evolved beyond conventional chemotherapy 
with molecular-targeted agents. Gene aberration in epidermal growth factor recep-
tor (EGFR) or anaplastic lymphoma kinase (ALK) has successfully being targeted, 
and the corresponding tyrosine kinase inhibitors revolutionarily improved the sur-
vival of a subset of NSCLC patients. In addition to EGFR and ALK, other oncogenic 
driver mutations such as ROS, RET, MET, and BRAF have also been identified as 
minor mutations, and some corresponding inhibitors are in development with suc-
cess in clinical trials. In the near future, lung cancer is expected to be routinely 
fractionated into minor populations based on their gene aberration status. This chap-
ter reviews oncogenic mechanisms of minor gene aberrations in NSCLC and dis-
cusses the corresponding treatment strategies, mechanism of resistance, and how 
they are important in the treatment of NSCLC, with particular emphasis on ALK 
rearrangement.
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16.1  �Introduction

Lung cancer is one of the leading causes of cancer death worldwide [1], and non-
small cell lung cancer (NSCLC) accounts for 80–90% of cases. The majority of 
patients are diagnosed when the disease is locally advanced or metastatic, with an 
estimated 5-year survival of only 15% approximately. Over the past decades, with 
the development of molecular approach, several genetic alterations vulnerable to 
targeted inhibition have been identified in NSCLC.  The first notable success to 
opening the gate to a new era of precision medicine in NSCLC was the identifica-
tion of activating mutations in the EGFR gene in 2004 leading to dramatic responses 
to EGFR tyrosine kinase inhibitors (TKIs) such as gefitinib, erlotinib, and afatinib. 
Following this success, the discovery of the EML4-ALK fusion gene also provided 
a significant change in the therapeutic strategies for NSCLC patients harboring this 
EML4-ALK rearrangement [2]. Currently, in the era of “genome-wide medicine,” 
multiple nationwide cancer genome screening projects are running, and several 
other genetic alterations in NSCLC are identified, leading to the active clinical stud-
ies accessing the drugs that target those genes. In addition, the development of 
molecular technology enabled us to deeply sequence the target gene and to identify 
the resistant mechanism of molecular-targeted agents. In this chapter, recent 
advances in ALK-rearranged NSCLC as well as NSCLC with other minor mutations 
are described, and we would like to discuss how these minor gene alterations are 
important in the treatment of NSCLC to develop precision medicine.

16.2  �ALK Rearrangement in Lung Cancer

ALK is a receptor tyrosine kinase, a member of the insulin RTK family [3], encoded 
by the ALK gene on chromosome 2p23. In 1994, the first translocation of ALK with 
the gene encoding for nucleophosmin was identified in patients with anaplastic 
large cell lymphoma (ALCL) [4]. Subsequently, ALK rearrangements were identi-
fied in various malignancies such as inflammatory myofibroblastic tumor (IMT), 
colorectal cancer, and diffuse large B-cell lymphoma, with the different partner 
such as kinesin family member-5B (KIF5B), cysteine-rich transmembrane BMP 
regulator 1 (CRIM1), and huntingtin-interacting protein 1 [5]. NSCLC was the sec-
ond solid tumor in which oncogenic ALK fusion with echinoderm microtubule-
associated protein-like 4 (EML4) was detected by Soda and colleagues [6]. After 
dimerization, EML4-ALK transcript constitutively triggers mitogen-activated pro-
tein kinase (MAPK), Janus kinase with signal transducer and activator of transcrip-
tion (JAK-STAT), and phosphoinositide 3-kinase with v-akt murine thymoma viral 
oncogene homolog (PI3K-AKT), leading to an increase in proliferation and survival 
of cancer cells [7]. Subsequent retrospective analyses revealed that ALK fusions 
were detected in 3–7% of NSCLCs and were associated with absence of smoking, 
younger age, and adenocarcinoma histology [8]. Even though the relative 
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proportion of NSCLCs harboring an ALK rearrangement is significantly lower than 
that of ALCL or IMT, patients with NSCLC constitute the largest subset of patients 
with an ALK-rearranged cancer due to the high incidence of lung cancer worldwide 
[1, 5]. Additionally, studies in NSCLC have identified several other fusion partners 
with ALK, such as KIF5B, CRIM1, translocated promoter region, nuclear basket 
protein (TPR), and kinesin light chain 1 (KLC1) [5], which occur less frequently 
than EML4–ALK. Furthermore, a number of breakpoint variants may be seen for the 
fusion protein, for example, more than ten distinct variants were detected in EML4-
ALK [9].

16.3  �Targeting Oncogenic ALK

In response to the discovery of EML4-ALK in lung cancer, a large number of ALK 
inhibitors are currently under development, and some of them are already approved. 
Only 4 years after the discovery of EML4-ALK in lung cancer, crizotinib, the first 
ALK TKI, was approved by US FDA.

16.3.1  �First-Generation ALK Inhibitor: Crizotinib

Crizotinib, an orally bioavailable small molecule, is the first ALK TKI evaluated 
and approved for the treatment of patients with ALK-positive NSCLC. The phase I 
PROFILE 1001 trial evaluated the pharmacokinetic profile and efficacy of crizo-
tinib in patients with ALK-positive NSCLC [10]. Crizotinib was well tolerated at a 
dose of 250 mg twice daily, and the overall response rate (ORR) was 61%, with the 
median progression-free survival (PFS) of 9.7  months (Table  16.1). The results 
were confirmed in the phase II PROFILE 1005 study that enrolled patients with 
advanced previously treated ALK-positive NSCLC and obtained ORR of 60% and 
median PFS of 8.1 months [2]. Two phase III clinical trials comparing crizotinib 
with standard chemotherapy in the first- and second-line settings have been con-
ducted. In the PROFILE 1014 study, patients with ALK-positive non-squamous 
NSCLC were randomly assigned to receive first-line crizotinib or a platinum-based 
regimen with pemetrexed [11]. The results confirmed the high efficacy of crizotinib, 
with a PFS of 10.9 months compared with 7 months with chemotherapy. The ORR 
was 74% with crizotinib and 45% with chemotherapy. In the PROFILE 1007 trial, 
patients with advanced or metastatic ALK-positive NSCLC, previously treated with 
a platinum-based chemotherapy, were enrolled and randomized to receive crizotinib 
or standard chemotherapy [12]. Better median PFS was obtained with crizotinib 
(7.7 months vs. 3 months). Collectively, the results from these clinical studies sug-
gested that crizotinib is effective and well-tolerated treatment in NSCLC, and thus 
crizotinib is approved in more than 85 countries across the world. These results also 
enabled us to aware that patients with ALK-positive NSCLC have a high risk of 
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developing brain metastases, as observed in approximately 30% of cases at the time 
of tumor diagnosis [13] and in 60% of patients during crizotinib treatment [14]. The 
main reason for crizotinib failure in brain disease is its poor blood-brain barrier 
penetration [15]. A retrospective analysis of the PROFILE 1005 and 1007 trials 
documented that the intracranial overall response rate (IC-ORR) was 18% in 
patients who did not receive radiation therapy.

16.3.2  �Second- and Third-Generation ALK Inhibitors

16.3.2.1  �Ceritinib

Ceritinib is a second-generation ALK TKI that is approximately 20 times more 
potent than crizotinib at the level of IC50 [16]. Ceritinib has been shown to strongly 
inhibit ALK-positive cell lines harboring mutations that cause resistance to crizo-
tinib, especially the L1196M, G1269A, I1171T, and S1206Y.  The efficacy and 
safety of ceritinib were evaluated in a phase I trial (ASCEND-1) that included 
patients with ALK-positive NSCLC [17]. The ORR was 72% in ALK inhibitor-
naïve patients compared with 56% in ALK inhibitor-pretreated patients, and the 

Table 16.1  Clinical trials of ALK inhibitors

Trial Drug Phase ORR (%)

Median PFS 
(months) HR (95% 
CI)

Median OS 
(months) HR 
(95% CI)

PF1011 Crizotinib I 60.8% 9.7 –
PF1005 Crizotinib II 60% 8.1 –
PF1007 Crizotinib vs. 

PEM/DTX
III 65% vs. 45% 

P < 0.001
HR; 0.49 (0.37–
0.64); P < 0.001

HR; 1.02 
(0.68–1.54); 
P = 0.54

PF1004 Crizotinib vs. 
platinum 
doublet

III 74% vs. 45% 
P < 0.0001

HR; 0.45 (0.35–
0.69); P < 0.001

–

ASCEND-1 Ceritinib I 72% in crizotinib 
naïve; 56% in 
crizotinib resistant

18.4 in crizotinib 
naïve; 6.9 in 
crizotinib resistant

–

ASCEND-2 Ceritinib II 38.6% 5.7 –
ASCEND-3 Ceritinib II 63.7% 11.1 –
ASCEND-4 Ceritinib vs. 

platinum 
doublet

III 72.5% vs. 26.7% HR; 0.55 (0.42–
0.73); P < 0.00001

Not reached

AF-001JP Alectinib I–II 93.3% – –
AF-002JG Alectinib I–II 53% – –
NP28673 Alectinib II 50% 8.9 –
J-Alex Alectinib vs. 

crizotinib
III Not reached Not reached

NCT01449461 Brigatinib I 72% 13.2 –
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median PFS was 18.4 months and 6.9 months, respectively (Table 16.1). Based on 
these results, ceritinib was approved by the FDA for patients with advanced or met-
astatic ALK-positive NSCLC progressing to crizotinib. In terms of the efficacy of 
ceritinib on brain metastases or leptomeningitis, the IC-ORR was 63% and 36% in 
ALK-inhibitor-naïve and ALK-inhibitor-pretreated patients, respectively, in the 
ASCEND-1 trial. ASCEND-7 trial which evaluates the efficacy of ceritinib in 
patients with ALK-positive NSCLC with brain metastases or leptomeningitis is cur-
rently ongoing. The phase II ASCEND-2 trial enrolled patients who had previously 
received cytotoxic chemotherapy and had also progressed to crizotinib. The ORR 
was 38.6% [18] (Table 16.1). Another phase II ASCEND-3 trial is evaluating the 
role of ceritinib in patients with ALK-positive crizotinib-naïve NSCLC. ASCEND-4, 
the phase III trial comparing the efficacy of ceritinib with first-line chemotherapy, 
demonstrated that the median PFS was 16.6  months in the ceritinib group and 
8.1  months in the chemotherapy group (hazard ratio 0.55), respectively [19]. 
Another phase III trial (ASCEND-5), comparing the efficacy of ceritinib with che-
motherapy in further lines in crizotinib-resistant disease progressing after previous 
chemotherapy, is currently ongoing.

16.3.2.2  �Alectinib

Alectinib is a highly selective oral ALK TKI active in crizotinib-naïve and crizotinib-
resistant ALK-positive NSCLC. Importantly, it has an activity against the mutation 
related to crizotinib resistance such as L1196M, G1269A, C1156Y, F1174L, 
L1152R, and S1206Y [20]. Two phase I/II trials have evaluated the efficacy and 
safety of alectinib in ALK-positive NSCLC (Table  16.1). In the AF-001JP trial, 
conducted in Japan, 70 patients with ALK-positive crizotinib-naïve NSCLC were 
enrolled [21]. In the phase I part, 300 mg of alectinib twice daily was defined as the 
recommended dose for the phase II. The ORR of crizotinib-naïve patients entered in 
the phase II part of the trial was 93.5%, with a PFS at 12 months of 83%. Based on 
the results of the AF-001JP trial, alectinib was firstly approved in Japan for the treat-
ment of patients with ALK-positive NSCLC who had not previously received other 
ALK inhibitors. In the AF-002JG phase I/II study, conducted in the USA, 47 patients 
with ALK-positive NSCLC who had progressed on crizotinib were enrolled [22]. In 
the phase I part, 600 mg of alectinib twice daily was defined as the recommended 
dose for the phase II. The ORR to alectinib in the phase II part of the trial was 55% 
(Table 16.1).

In terms of brain metastasis, alectinib is suggested to be effective against brain 
metastasis. Since alectinib is not a substrate of P-glycoprotein, it seems that it may 
reach effective therapeutic concentrations in the brain. In the AF-002JG study, out 
of 47 enrolled patients, 21 had asymptomatic brain metastases, and 6 of the 21 had 
a complete response, 5 had a partial response, and 8 had stable disease. One patient 
with leptomeningeal metastases attained a partial response. Alectinib has also been 
tested in two phase II clinical trials in crizotinib-resistant ALK-positive NSCLC, 
including central nervous system (CNS) metastases (Table 16.1). In the NP28673 
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trial, the ORR was 50% and median PFS was 8.9 months [23]. The efficacy of alec-
tinib in patients with brain metastasis was confirmed by IC-ORR of 57%.

The comparison of alectinib with crizotinib as the first-line treatment in patients 
with ALK-positive advanced NSCLC is currently on study by two randomized 
phase III trials, Japan J-ALEX and the worldwide ALEX trial. Both trials were also 
designed to investigate the potential superiority of alectinib over crizotinib for the 
management of brain metastases. The preliminary data of J-ALEX showed reduced 
risk of PFS by 66% in favor of alectinib compared with crizotinib (hazard ratio 0.34, 
99% CI: 0.17–0.70, P  <  0.0001) in 207 enrolled patients. Median PFS was not 
reached in the alectinib arm (95% CI: 20.3 months not estimated) vs. 10.2 months 
in the crizotinib arm (95% CI: 8.2–12).

The efficacy of alectinib in the further-line treatment of ALK-rearranged NSCLC 
is being studied in another ongoing phase III study (NCT02604342). This study 
evaluates and compares between treatment groups the efficacy of alectinib versus 
chemotherapy in patients with ALK-positive advanced NSCLC who were previ-
ously treated with chemotherapy and crizotinib.

16.3.2.3  �Brigatinib

Brigatinib is a potent second-generation ALK TKI which showed in preclinical 
studies a dual inhibition of ALK (including L1196M mutation conferring resistance 
to crizotinib) and EGFR T790  M [7]. For this inhibitory mechanism, brigatinib 
could be an encouraging therapeutic option for patients who showed resistance to 
crizotinib by the activation of the EGFR bypass track [7]. The activity and safety of 
brigatinib were recently evaluated in a phase I/II trial (NCT01449461) [24]. Patients 
with treatment-naïve or crizotinib-resistant ALK-positive NSCLC, with or without 
CNS metastases, have been enrolled. In the phase I part, a dose of 180 mg once 
daily was chosen for the recommended dose. In the phase II part, the ORR was 
72%, and median PFS was 13.2 months in patients with ALK-positive NSCLC with 
previous crizotinib treatment (Table 16.1). In the small group of crizotinib-naïve 
patients, the ORR was 100%, while median PFS have not yet been reached. For the 
21 assessable patients with brain metastasis without previous brain irradiation, 
including 18 patients who had received previous crizotinib, 5 (56%) of 9 patients 
with measurable lesions had a response, and 7 (58%) of 12 patients with only non-
measurable lesions had complete disappearance of brain lesions.

16.3.2.4  �Lorlatinib

Lorlatinib is a third-generation ATP-competitive selective ALK inhibitor, specifi-
cally designed and optimized to penetrate the blood-brain barrier. It also inhibits 
ROS1. Importantly, lorlatinib is the only ALK TKI that has an activity of G1202-
related mutations that show resistance to the rest of ALK TKIs [25]. However, it is 
not approved by any regulatory agency in the world at the time of writing this text. 
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Lorlatinib is approximately tenfold more potent against wild-type EML4-ALK and 
approximately 40-fold more potent against L1196M-mutated EML4-ALK com-
pared with crizotinib, and it regresses brain tumors at doses much lower than the 
maximum tolerated dose [26]. The phase I/II trial in ALK-positive and ROS1-
positive NSCLC patients with or without CNS metastases is ongoing.

16.4  �Mechanisms of Resistance to ALK Inhibitors

ALK TKIs are generally effective in the patients with ALK-rearranged NSCLC; 
however, those clinical benefits with ALK TKIs are almost universally limited due 
to the emergence of acquired resistance. Diverse mechanisms are considered to con-
tribute to the acquired resistance to ALK TKIs, for example, the presence of second-
ary ALK mutations (some of them are stated above), ALK fusion gene amplification, 
and activation of alternative signaling pathways are reported. Among these, the 
emergence of secondary ALK mutations is most intensively studied. The mutation 
profiles that related to acquired resistance of each ALK TKI are listed in Table 16.2. 
Notably, each ALK TKI has different mutation profiles which would be very impor-
tant to consider the sequential use of ALK TKIs.

In addition to acquired resistance, intrinsic resistance can be also seen in the 
clinical setting. Even though ALK TKIs were proven by multiple clinical studies to 
represent strong effects on ALK-rearranged NSCLCs, there was small number of 
patients who did not show the initial response. Logically, any of the mechanisms of 
acquired resistance stated above could cause intrinsic resistance if they were preex-
isting in the tumor cells before the treatment with ALK TKIs; however, the mecha-
nisms of primary resistance to ALK TKIs are currently poorly understood.

Table 16.2  ALK mutations related to acquired resistance to each TKIs

Crizotinib Alectinib Ceritinib Brigatinib Lorlatinib

L1196M × ○ ○ ○ ○
G1269A × ○ ○ ○ ○
C1156Y × ○ × ○ ○
F1174L/C/V × ○ × ○ ○
1151Tins × ○ × ○ ○
L1252R × ○ × ○ ○
S1206Y × ○ ○ ○ ○
I1171N/S/T × × ○ - ○
V1180 L × × ○ - ○
G1202R × × × × ○
G1202del × × × × ○
G1123S ○ ○ × - -
L1198F ○ × × × ×

Abbreviations: ALK Anaplastic lymphoma kinase, TKIs Tyrosine kinase inhibitors
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16.5  �Treatment Strategies for ALK-Rearranged NSCLC

Currently, three ALK TKIs (crizotinib, alectinib, and ceritinib) are available in 
clinic, and the others (brigatinib and lorlatinib) are expected to be approved in the 
near future. At that time, we will have five “bullets” to fight with ALK-rearranged 
NSCLCs, which would be the optimistic news for physicians and, most importantly, 
for lung cancer patients. However, at the same time, various issues and questions are 
also arisen to develop effective therapeutic strategies. The clinical questions would 
be summarized in twofold: (1) What is the optimal sequence of ALK TKIs for the 
individual patient? (2) Can ALK TKIs be combined with other treatment arms?

16.5.1  �What Is the Optimal Sequence of ALK TKIs?

16.5.1.1  �Importance of Repeat Biopsies

First strategy to consider the sequence of ALK TKIs is to effectively treat the refrac-
tory diseases by overcoming the dominant resistance mechanisms. Although not all 
the mechanisms underlying the resistance to ALK TKIs are covered, we at least 
know that a certain mutations in ALK cause resistance to ALK TKIs (Table 16.2). 
These recent advances to understand the mechanisms of resistance to ALK TKIs 
underscore the critical need for re-biopsies to guide the optimal therapeutic strate-
gies. When feasible and safe, there is no question about pursuing repeat biopsies to 
be strongly recommended in patients progressing on an ALK TKI [5]. For example, 
when a patient showed refractory disease after crizotinib treatment, and if L1196M 
mutation was detected by re-biopsy of the progressing tumor, then alectinib may be 
expected to show the clinical response as the next drug. If no mutation was detected, 
conventional chemotherapy would have a priority than next ALK TKI as the follow-
ing treatment line.

However, it is also true that this ideal treatment strategy cannot be fit in many 
ways into the “real world” of the treatment of ALK-rearranged NSCLCs in clinic. 
Because generally ALK TKIs are effective and strong shrinkage of the tumor is 
often obtained, the refractory disease may not be suitable for the re-biopsy (tumor 
may be too small, or the location is not suitable for the biopsy). Not all the patient 
is agreeable to the repeat biopsies (especially patients with high age), and we always 
need to consider the risk for pursuing biopsies (especially for patients with poor 
performance status). Most importantly, the detection of the mutation of ALK is not 
approved, at least in Japan to date, as the companion diagnostic tool. This means 
that the detection of ALK mutation is possible in a limited institution. The develop-
ment of companion diagnostic tools along with the next-generation drug is neces-
sary and urgent. Furthermore, if applied, a liquid biopsies using peripheral blood of 
the patients may become more useful tool to identify the mechanisms of resistance 
with minimally invasive procedures.

H. Goto and Y. Nishioka



303

16.5.1.2  �Enhancing the Strength of Tumor Response Up Front

Thus far, it seems that most efforts to overcome the resistance to ALK TKIs have 
focused on to uncover the mechanisms of resistance. Indeed, many mutations 
related to the resistance are reported as stated above, although there are many obsta-
cles to fit those findings in clinic. Alternatively, strategies to prevent resistance up 
front are likely to have greater impact in clinic. Although general guidelines recom-
mend crizotinib as a first-line drug for the treatment of ALK-rearranged NSCLCs 
and are emerging for determining the optimal later-line ALK TKI, which TKI to use 
in the first-line setting remains unclear [5]. The up-front use of a more potent and 
selective second-generation ALK inhibitor may substantially delay disease progres-
sion through various mechanisms. First, next-generation ALK TKIs have activity 
against multiple crizotinib-resistant mutations, including the most common L1196M 
and G1269A mutations, and may thus suppress the outgrowth of any preexisting 
clones that harbor these mutations and also prevent them from emerging de novo. 
Second, most next-generation TKIs have greater CNS activity than crizotinib and 
would hence delay the development of brain and leptomeningeal metastases, which 
are commonly experienced in crizotinib-treated patients.

From this point of view, it is worth of notice that the phase III studies comparing 
second-generation TKI with crizotinib as a first-line setting are currently ongoing. 
The first reported results comparing a second-generation ALK TKI with crizotinib 
in the TKI-naive setting came from the J-ALEX study, comparing alectinib with 
crizotinib in Japanese patients with ALK-positive NSCLC. As stated in alectinib 
section, preliminary results suggest that first-line alectinib may be superior to crizo-
tinib. Based on these results, alectinib was recently granted FDA breakthrough 
therapy designation for first-line treatment of ALK-positive NSCLC. Although this 
study has reported to have some limitations, including an imbalance of patients with 
baseline brain metastases and a higher than expected rate of toxicities with crizo-
tinib [5], the results of this study will likely be practice-changing. A similar global 
phase III trial (ALEX) comparing first-line alectinib to crizotinib in ALK-positive 
NSCLC is ongoing. Importantly, it remains unclear whether first-line use of alec-
tinib can prolong OS of patients compared with crizotinib, as these trials have not 
allowed patient crossover at the time of progression. Therefore, more relevant com-
parison of first-line alectinib versus sequential crizotinib followed by alectinib 
needs to be elucidated.

16.5.2  �Combination Use of ALK TKIs and Other Drugs

16.5.2.1  �Conventional Chemotherapy

In this era of translational medicine, molecular-targeted agents such as TKIs and 
specific antibodies have received much attention in the treatment of lung cancer. 
However, one should remember that the cytotoxic chemotherapy is still one of the 
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standard treatment regimens for lung cancer including ALK-rearranged NSCLCs. 
The results from previous clinical studies with crizotinib (PROFILE 1007 and 1014) 
demonstrated that, although high efficacy of crizotinib was confirmed compared to 
chemotherapy, pemetrexed or docetaxel appeared to be still effective in patients 
with ALK-rearranged NSCLC.  In particular, multiple retrospective analyses sug-
gested that patients with ALK-rearranged NSCLC benefit more from pemetrexed 
than those with other oncogene-driven NSCLCs. Therefore, pemetrexed-based che-
motherapy needs to be considered in ALK-rearranged NSCLC patients, and more 
importantly, it is crucial to include both ALK TKIs and cytotoxic agents in total 
treatment setting in each patient. In this regard, the main concern in clinic would be 
the timing of conventional chemotherapy. As stated above, the second ALK TKI can 
be administered after the resistance to the first ALK TKI, ideally with determining 
the resistant mechanism with re-biopsy. However, it might be difficult with many 
reasons in the real world to perform re-biopsy and determine the acquired gene 
mutation. Do we still choose next ALK TKI? At present, it appears that cytotoxic 
chemotherapy, especially pemetrexed-based chemotherapy, is another choice to be 
considered in such cases. Another question is whether ALK TKIs can be continu-
ously used beyond progression of the tumor with combined use of cytotoxic chemo-
therapy. There is no evidence at this point for this issue. A trial investigating 
crizotinib plus pemetrexed for crizotinib-failed patients (NCT02134912) is ongo-
ing. Additionally, in-turn use of ALK TKI and conventional chemotherapy may be 
effective. Learning from the strategy using EGFR TKI, it is reported that the inser-
tion of conventional chemotherapy during the first-line use of gefitinib for patients 
with EGFR-mutated NSCLC showed prolonged PFS compared to monotherapy 
with gefitinib, and similar result might be able to achieve with ALK TKIs and 
pemetrexed-based chemotherapy in patients with ALK-rearranged NSCLC.

16.5.2.2  �Anti-angiogenic Agents

An adequate blood supply is essential for cancer cells to survive and grow; thus, the 
concept of inhibiting tumor angiogenesis has been applied to cancer therapy. Among 
the factors associated with tumor angiogenesis, vascular endothelial growth factor 
(VEGF) and its receptor VEGFR are reported to be the key factors to form new ves-
sels, and inhibition of the VEGF signaling pathway exhibits an additive effect when 
combined with conventional chemotherapy. Currently, anti-VEGF antibody (beva-
cizumab) and anti-VEGFR antibody (ramucirumab) are available in clinic. The 
results from phase III clinical trials have demonstrated that the addition of bevaci-
zumab to platinum-based chemotherapy improves the response rate and prolongs 
survival of patients with various types of cancer including NSCLC [27]. In addition, 
malignant pleural effusion induced by the increased permeability of the blood ves-
sels, which is caused by tumor-secreting VEGF, can be improved with bevacizumab 
[28]. Furthermore, bevacizumab was shown to exhibit a preventive role in brain 
metastases formation [29]. In addition to bevacizumab, ramucirumab in 
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combination with docetaxel exhibited a significantly improved survival in compari-
son to docetaxel monotherapy in a second-line setting for advanced NSCLC (Garo 
neb lancet 2014).

In addition to prevent new vessel formation in the tumor, another important 
mechanism of anti-VEGF therapy against tumors is considered to be the normaliza-
tion of the tumor vasculature, which results in improvement of the delivery of the 
drug used along with anti-VEGF(R) agent. The combination use of anti-angiogenesis 
agents with cytotoxic drugs could therefore improve the access of cytotoxic drugs 
to the tumor.

One might consider that not only cytotoxic drugs but also other molecular-
targeted agents could be combined to enhance the drug delivery. Indeed, in patients 
with EGFR-mutated NSCLC, the JO25567 trial demonstrated that erlotinib in com-
bination with bevacizumab was significantly superior to erlotinib alone for advanced 
NSCLC harboring EGFR-sensitive mutations. PFS achieved by combination ther-
apy and monotherapy were 16.0 and 9.7 months, respectively (HR; 0.54, 95% CI; 
0.36–0.97, P = 0015) [30]. Thus, it seems logical to consider that the efficacy of 
ALK TKIs might also enhanced by addition of anti-angiogenic agents. When ALK 
TKIs were combined with anti-angiogenic agents, several favorable results could be 
expected: (1) prolonged survivals compared with monotherapy using ALK TKIs, 
(2) enhanced antitumor activity against brain metastasis, and (3) suppression of 
radiation necrosis and subsequent brain edema. In particular, radiation necrosis 
mimicking progression in the brain was demonstrated by several reports when alec-
tinib was used as postradiation therapy, and anti-VEGF therapy is expected to sup-
press this pseudoprogression [20].

Collectively, inhibition of the angiogenic pathway in addition to the therapy with 
ALK TKIs appears to be promising in several ways for the management of patients 
with lung cancer.

16.5.2.3  �Immune Checkpoint Therapy

When nonself-antigens are invaded in human body, those antigens are recognized 
and presented by antigen-presenting cells (APCs) to T cells. T cells are then acti-
vated and eliminate pathogens that have those antigens. At the same time, the cross 
talk between APCs and T cells has negative feedback systems to prevent overzeal-
ous T cell activation and inflammation, and one of the negative feedback systems is 
regulated by programmed cell death-1 (PD-1) which is expressed by T cells and 
programmed cell death ligand-1 (PD-L1) which is expressed by APCs. Notably, in 
the tumor microenvironment, tumor cells do express PD-L1 to downregulate the 
immune response of T cells that were infiltrated to attack cancer cells. Therefore, 
targeting the immune checkpoint factors, such as PD-1 and PD-L1, has now become 
one of the standards of care in the treatment of lung cancer. Inhibition of the interac-
tion of PD-1 and PD-L1 by blocking antibodies suppresses the immune escape of 
cancer cells and induces immune response in T cells against cancer cells. Currently, 
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multiple clinical trials assessing the efficacy of anti-PD-1 or anti-PD-L1 antibodies 
are ongoing. Recent CheckMate and KEYNOTE trials demonstrated that nivolumab 
and pembrolizumab, representative PD-1 inhibitors, exhibited a survival benefit in 
comparison to conventional chemotherapy in lung cancer [31, 32]. Nivolumab was 
demonstrated to exhibit a significantly prolonged survival compared with docetaxel 
in the second-line setting for both squamous NSCLC and non-squamous 
NSCLC. Furthermore, the second-line use of pembrolizumab was also shown to be 
significantly superior to docetaxel in patients with PD-L1-positive NSCLC previ-
ously treated with platinum-based chemotherapy [33]. Thus, immune checkpoint 
inhibition has emerged as a novel and promising therapeutic option in the manage-
ment of lung cancer.

Regarding the combination use of ALK TKIs and immune checkpoint inhibitors, 
several studies are investigating the efficacy and tolerability of the combination 
therapy [5]. For example, studies assessing crizotinib with nivolumab or ipilim-
umab (NCT01998126) or pembrolizumab (NCT02511184), ceritinib with 
nivolumab (NCT02393625), alectinib with atezolizumab (NCT02013219), and lor-
latinib with avelumab (NCT02584634) are ongoing. However, careful interpreta-
tion of the results will be needed, as many of ongoing studies are not logically 
biomarker driven, and there are limited preclinical data so far to support these com-
bination strategies. One should note that PD-1/PD-L1 inhibitors have demonstrated 
durable activity in a subset of NSCLC; responses are limited to approximately 20% 
of patients, although most of the patients with durable response achieved prolonged 
survival, suggesting that there are a distinct subset of the patients who are expected 
to have strong benefit to PD-1/PD-L1 inhibitors. Although the precise biomarker of 
immune therapy is not yet covered, patients with ALK-rearrangement may not be 
included in the subset with good response to PD-1/PD-L1 inhibitors. So far, the 
efficacy of PD-1/PD-L1 inhibitors is associated with high PD-L1 expression, high 
tumor mutational load, and smoking history [5]. Patients with ALK-rearranged 
NSCLC tend to be never smokers with a low tumor mutational load. Moreover, a 
recent retrospective analysis demonstrated that ALK-rearranged NSCLCs tend to 
have low PD-L1 expression and low T cell infiltration in the tumor microenviron-
ment [34]. Indeed, no responses were seen among six patients with ALK-rearranged 
NSCLC treated with immune checkpoint inhibitors in the study.

With the reasons stated above, the potential benefit of combining immune check-
point inhibitors with ALK TKIs is currently unclear and questionable. However, it 
is reported that the PD-L1expression can be induced by translocated ALK through 
the activation of PI3K-AKT and MEK-ERK pathways, which was demonstrated by 
in vitro analyses and clinical investigation using samples (although only a small 
number) from ALK-rearranged patients [35]. A larger cohort is needed to clarify the 
level and mechanism of PD-L1 expression in ALK-rearranged tumor, and the con-
tinuous efforts are warranted to determine the biomarkers predictive of response to 
immune checkpoint inhibitors. Furthermore, it should be carefully investigated how 
we use both drugs (sequentially or in combination) and how we assess the efficacy 
(PFS or OS, when combined) of these therapies.
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16.6  �Other Genetic Alterations in Lung Cancer

As stated above, oncogenic driver gene alterations such as ALK-rearrangement (and 
also EGFR mutations) have successfully been targeted with corresponding TKIs. 
Recent development of technologies, such as introduction of next-generation 
sequencer, has been enabled to detect other oncogenic driver mutations in genes 
such as ROS1, RET, MET, and BRAF in various types of cancer including NSCLC, 
and several targeted drugs have already been investigated in early phase clinical tri-
als with some success (Table 16.3).

16.6.1  �ROS1 Rearrangements

The prevalence of aberrant fusions in ROS1 gene is described to be 1–2% of 
NSCLCs. More than ten fusion partners have been reported including CD74, EZR, 
TPM3, SDC4, SLC34A2, and LRIG3. The clinical features of patients with ROS1 
rearrangement resemble that of patients with ALK rearrangement or EGFR muta-
tions; they are mostly found in adenocarcinomas with never or light smokers (very 
rarely found in squamous cell carcinomas or smokers) and are more prevalent 
among the young and females. The common clinical features between patients with 
ROS1 and ALK rearrangements could be explained by the fact that the kinase 
domains of ROS1 and ALK are highly homologous, and thus their rearrangements in 
lung cancer share common carcinogenic properties. In line with this premise, crizo-
tinib has been investigated as a therapeutic agent for ROS1-rearranged NSCLC 
patients in an expansion cohort of the PROFILE 1001 trial [36]. Crizotinib achieved 
an ORR of 72% and median PFS of 19.2 months, with 85% OS at 12 months in this 
50 patient cohort. With this result, crizotinib has been recently approved by FDA for 

Table 16.3  Rare oncogenic drivers in NSCLC

Gene 
alteration

Prevalence in 
NSCLC Typical clinical features Targeted drugs

ROS1
rearrangement

1–2% Adenocarcinoma, younger 
age, never smoker

Crizotinib

RET
rearrangement

1–2% Adenocarcinoma, younger 
age, never smoker

Alectinib, sunitinib, sorafenib, 
lenvatinib, vandetanib, 
cabozantinib

MET
amplification

3–4% Older age Crizotinib, cabozantinib

MET
mutation

2–3% Older age Crizotinib, cabozantinib

BRAF
mutation

1–2% – Vemurafenib, dabrafenib, 
trametinib

HER2
mutation

1–2% Adenocarcinoma, younger 
age, never smoker

Afatinib, trastuzumab
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ROS1-rearranged NSCLC patients. Phase II study of crizotinib for ROS1-rearranged 
NSCLC patients is currently ongoing in Asian countries. Moreover, clinical devel-
opment of next-generation dual ALK and ROS1 inhibitors (lorlatinib, ceritinib, 
brigatinib, and entrectinib) and other ROS1 inhibitors (cabozantinib and foretinib) 
is also currently ongoing. Similarly to that described in ALK-rearranged cancer, the 
individual resistance mechanisms against above molecular-targeted agents are also 
needed to be elucidated.

16.6.2  �RET Rearrangements

RET rearrangements are found in approximately 1% of NSCLC. This prevalence 
will increase up to 2–3% when patients are selected to have tumors without other 
gene aberrations. Gene alterations in RET was initially identified in thyroid cancer 
in the 1990s, followed by in NSCLC in 2012. RET rearrangements are known to be 
mutually exclusive with EGFR, ALK, Kirsten rat sarcoma viral oncogene homolog 
(KRAS), or HER2 gene aberration. Several fusion partners have been identified 
including KIF5B, CCDC6, NCO4, and TRIM33. Among these partners, KIF5B is 
reported to be the most frequent. The clinical features of patients with RET rear-
rangement resemble that of patients with EGFR mutations (female adenocarcino-
mas with never or light smokers) with slight tendency to the young. These evidences 
suggest that RET rearrangements are also oncogenic driver in NSCLC, and the treat-
ment strategies are investigating in multiple clinical studies. Many RET TKIs are 
multi-kinase inhibitors already in clinical use, including vandetanib, cabozantinib, 
lenvatinib, sunitinib, sorafenib, and alectinib. Among these, the effect of vandetanib 
on RET-rearranged NSCLS was recently evaluated in the phase II trial in Japan 
(LURET trial) [37]. In this trial, RET-rearranged patients were screened using a 
nationwide genomic screening network (LC-SCRUM-Japan) of about 200 partici-
pating institutions in Japan. Among 1536 patients with EGFR mutation-negative 
NSCLC screened, 34 were RET-positive (2%), and 19 patients were enrolled in this 
study. Vandetanib was orally administered with daily dose of 300 mg. Among 17 
eligible patients included in primary analysis, 9 (53%, 95% CI; 28–77) achieved an 
objective response, which met the primary endpoint. In the intention-to-treat popu-
lation of all 19 patients treated with vandetanib, 9 (47%, 95% CI; 24–71) achieved 
an objective response. Median PFS was 4.7 months (95% CI; 2.8–8.5). Interestingly, 
higher clinical activity was seen in vandetanib-treated patients harboring the 
CCDC6–RET fusion variant (response rate 83%, median PFS of 8.3 months). The 
most common grade 3 or 4 adverse events were hypertension (58%), diarrhea 
(11%), rash (16%), dry skin (5%), and QT prolongation (11%), which could be 
explained by the inhibition of VEGFR and EGFR. Cabozantinib and lenvatinib were 
also reported to have objective response rates in phase II trials including pretreated 
NSCLC patients. Collectively, several drugs that are already approved in other types 
of cancer also have antitumor activities in RET-rearranged NSCLC; however, fur-
ther efforts are warranted to screen the rare population of lung cancer and verify the 
preference of RET inhibitors.
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16.6.3  �MET Amplification and Mutations

MET, also known as hepatocyte growth factor receptor, was initially identified in 
osteosarcoma in 1980s. Since then, much attention has been paid to MET pathway 
activation as a potential therapeutic target in a number of cancers including NSCLC, 
as MET pathway activation correlates with malignant grade of cancer and poor 
patient’s survival. MET pathway activation is thought to occur through a diverse set 
of mechanisms that influence properties affecting cancer cell survival, growth, and 
invasiveness. Among the mechanisms, high level of MET amplification and exon 14 
alterations have recently been described to play important role in lung cancer. MET 
amplification has been considered as a therapeutic target as it was found in approxi-
mately 10% of NSCLC patients with EGFR active mutation who acquired the resis-
tance to EGFR TKI. Subsequently, the prevalence of MET amplification and MET 
mutations within exon 14 was found to be relatively common (approximately 15%) 
in NSCLC regardless of drug resistance, suggesting that these MET alterations 
could be oncogenic drivers. MET amplification strengthens the downstream signal 
to activate the proliferation of cancer cells; however, MET mutations were initially 
thought to be inactive since most mutations were found outside the kinase domain. 
Later it was found that they could lead to the decreased degradation of MET, result-
ing in sustained and constitutive MET signaling [38]. Importantly, MET amplifica-
tion and exon 14 alterations could occur independently or in combination in NSCLC, 
and separately they represent approximately 3–4% of NSCLC.  Of note, typical 
clinical features of patients with MET aberrations are different from those of EGFR 
or ALK alterations in NSCLC. Both MET alterations seem more frequent among 
older lung cancer patients, with no apparent major differences according to smoking 
status or between adenocarcinomas and squamous cell carcinomas [38].

Considering to target MET, crizotinib could be expected as a choice, since this 
drug was developed as a MET inhibitor in the first place. The encouraging antitu-
mor activity of crizotinib against NSCLC patients with MET alterations was pre-
sented in American Society of Clinical Oncology (ASCO) 2014. The preliminary 
data showed that crizotinib had antitumor activity in NSCLC patients either with 
high MET amplification or MET exon 14 alterations within the subsequently 
expanded independent cohorts of the still ongoing PROFILE1001 trial. Importantly, 
crizotinib showed objective responses in 67% of previously treated patients with 
high MET amplification (n = 14), but this activity dropped to 0% and 17% in patients 
with low and intermediate MET amplification, respectively. These results suggested 
that the level of MET amplification in the tumor is important to achieve the benefit 
of MET TKIs. In addition, clinical case reports have shown that crizotinib was also 
effective in MET exon 14-altered tumors. Moreover, small studies have shown that 
other MET TKIs, such as cabozantinib and capmatinib, had also shown strong activ-
ity in patients with tumor harboring MET exon 14 alterations [39].

Collectively, MET amplification and alteration in exon 14 are distinctive onco-
genic drivers and target of MET inhibitors. Continuous efforts are warranted to 
determine the importance of the status of MET alterations (single or overlap), to 
enrich the biomarker to select patients who accept the benefit of MET inhibitor, and 
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to investigate the mechanism of resistance to MET TKIs which could be different 
from that determined in other population of gene aberrations. The prospective stud-
ies investigating the efficacy of MET TKIs for MET-amplified and/or MET exon 
14-altered patients are ongoing.

16.6.4  �BRAF Mutations

BRAF is a member of the RAF family of serine/threonine protein kinases. BRAF is 
located downstream of KRAS and plays a role in regulating the MAPK/ERK signal-
ing pathway, which affects cell division, differentiation, and secretion. Mutations in 
BRAF are associated with cardiofaciocutaneous syndrome, a disease characterized 
by heart defects, mental retardation, and a distinctive facial appearance. Mutations 
in this gene have also been associated with various cancers, including NSCLC, non-
Hodgkin lymphoma, colorectal cancer, malignant melanoma, and thyroid carci-
noma. Among the mutations seen in BRAF, V600E mutation is most well known, 
and this mutation activates BRAF kinase activity, which results in aberrant cell 
proliferation and survival through sustained and constitutive downstream signaling. 
The representative malignancy that harbors V600E mutation is malignant mela-
noma, and V600E accounts for 80–90% of BRAF mutations detected in this disease. 
For patients with malignant melanoma who have V600E mutation, BRAF inhibitors 
(vemurafenib and dabrafenib) are reported to have encouraging activities, and, 
moreover, the addition of MEK inhibitor to BRAF inhibitor resulted in better clini-
cal efficacy compared to the single treatment with BRAF inhibitor.

In NSCLC, the prevalence of BRAF kinase domain mutations is approximately 
1–2%. Unfortunately, unlike malignant melanoma, V600E mutation was detected in 
only half of the cases and the other half harbor non-V600E mutations, of which the 
drug sensitivity and biological properties are much less well known than those of 
V600E. Some mutation does not activate BRAF kinase activity. There seems to be 
no distinct distribution according to smoking status, sex, or age [38].

As in the case in malignant melanoma, the encouraging antitumor effect of dab-
rafenib with or without trametinib, an allosteric MEK1/2 inhibitor, was shown in 
phase II trials. Planchard et al. have reported the efficacy of single treatment of dab-
rafenib in patients with NSCLC positive for V600E mutation. In this report, oral 
dabrafenib was administered 150 mg twice daily, and 26 of the 78 previously treated 
patients achieved an investigator-assessed overall response (33%, 95% CI; 23–45). 
Four of the six previously untreated patients had an objective response. Serious 
adverse events were reported in 42% of patients including one patient died from an 
intracranial hemorrhage that was judged by the investigator to be due to the study 
drug. The most frequent grade 3 or worse adverse events were cutaneous squamous 
cell carcinoma (12%), asthenia (5%), and basal-cell carcinoma (5%) [40]. Two 
months after the above study was published, the antitumor activity and safety of 
dabrafenib plus trametinib in patients with V600E-mutant NSCLC were reported by 
the same group of investigators [41]. In this global study, 57 patients were enrolled 
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and received oral dabrafenib (150 mg twice daily) plus oral trametinib (2 mg once 
daily) in continuous 21-day cycles until disease progression. As a result, 36 patients 
(63.2%, 95% CI; 49·3–75·6) achieved an investigator-assessed overall response. 
Serious adverse events were reported in 56% of the patients and included pyrexia 
(16%), anemia (5%), confusional state (4%), decreased appetite (4%), hemoptysis 
(4%), hypercalcaemia (4%), nausea (4%), and cutaneous squamous cell carcinoma 
(4%). The most common grade 3–4 adverse events were neutropenia (9%), hypona-
tremia (7%), and anemia (5%). Four patients died during the study from fatal adverse 
events judged to be unrelated to treatment (one retroperitoneal hemorrhage, one sub-
arachnoid hemorrhage, one respiratory distress, and one from disease progression 
that was more severe than typical progression, as assessed by the investigator). Thus, 
dabrafenib with or without trametinib could represent a new targeted therapy with 
robust antitumor activity in NSCLC patients harboring V600E BRAF mutation. The 
safety profile was overall consistent with that in patients with malignant melanoma.

16.6.5  �HER2 Aberrations

HER2 gene amplification and mainly kinase domain mutations have been identified 
as oncogenic drivers in NSCLC. Among HER2 aberration detected in NSCLC, in-
frame insertion in exon 20 is most frequently seen. NSCLC patients with HER2 
aberration share common clinical and pathological features with those with EGFR 
mutation [38]. The prevalence of HER2 aberrations in NSCLC is roughly 1–2%. 
Although HER2 aberration in NSCLC is mutually exclusive, low frequencies of 
concomitant EGFR mutations, ALK translocations, and ROS translocations were 
reported [42].

In the treatment of NSCLC patients with HER2 aberrations, several HER2-
targeted therapies could be considered including trastuzumab, a monoclonal anti-
body against HER2, and pan-HER TKIs such as afatinib, neratinib, and dacomitinib. 
Combination therapies with trastuzumab and chemotherapy have shown activity in 
retrospective European cohorts [42], and the activities of pan-HER TKIs are also 
reported. However, clinical efficacies of HER2-targeted therapies seemed to be rela-
tively low compared to that of other targeted agents. Recently, the efficacy of 
dacomitinib on lung cancer patients with HER2 mutation or amplification was 
reported [43]. In this phase II study, oral dacomitinib was administered 30–45 mg 
daily in 28-day cycles to 30 patients (HER2 mutation in 26, amplification in 4 
patients). Three of 26 patients with tumors harboring HER2 exon 20 mutations 
(12%, 95% CI; 2–30) had partial responses, and no partial responses occurred in 4 
patients with tumors with HER2 amplifications. The median OS was 9 months from 
the start of dacomitinib (95% CI; 7–21 months) for patients with HER2 mutations 
and ranged from 5 to 22 months with amplifications. Treatment-related toxicities 
included diarrhea (90%, grade 3/4: 20%/3%), dermatitis (73%, grade 3/4: 3%/0%), 
and fatigue (57%, grade 3/4: 3%/0%). One patient died on study likely due to an 
interaction of dacomitinib with mirtazapine.
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Currently, the reason why the clinical efficacy of HER2-targeted therapy in 
NSCLC is not as good as that of other molecular-targeted therapy is not yet defined. 
Further efforts are needed to determine the specific molecular context that predicts 
responsiveness of HER2-targeted therapy and to develop the optimal treatment 
strategy for patients with HER2 aberrations.

16.6.6  �NTRK Rearrangements and Other Potential Targets

The tropomyosin receptor kinase (Trk) receptor family comprises three transmem-
brane proteins referred to as Trk A, B, and C receptors that are encoded by the 
NTRK1, NTRK2, and NTRK3 genes, respectively [38]. These receptor tyrosine 
kinases are expressed in human neuronal tissue and play an essential role in the 
physiology of development and function of the nervous system through activation 
by neurotrophins. In lung cancer, rearrangements in NTRK1 have been reported 
with the frequency of approximately 1% of NSCLC. Gene fusions involving NTRK1 
genes lead to transcription of chimeric Trk proteins, resulting in constitutive activa-
tion of kinase function. To target NTRK1 rearrangement, several pan-Trk inhibitors 
including entrectinib are in development, and clinical studies are ongoing.

Candidates for other molecular targets such as KRAS, insulin-like growth factor 
1 receptor (IGFR1), fibroblast growth factor receptor 1 (FGFR1), and discoidin 
domain receptors (DDR) are being studied preclinically and clinically; however, no 
effective therapy is available at this point.

16.7  �Conclusion

Twenty years ago, lung cancer was classified only by its histological features, and 
even after the classification, treatment strategies using conventional cytotoxic drugs 
were similar among histological subtypes except small cell lung cancer. After the 
discovery of EGFR mutation, however, the concept of driver mutation in carcino-
genesis has been widely recognized, and strong and durable effect of molecular-
targeted agents revolutionarily changed the treatment strategy of NSCLC. Moreover, 
recent development of technologies has enabled us to deeply and widely investigate 
the genomic alteration of cancer, and as reviewed in this chapter, several minor 
mutations were already identified. Our final goal is personalized medicine, where 
individual patients are treated differently based on their molecular profiles. At this 
point, before reaching the final goal, we need to “fractionate” patients to rare popu-
lations based on their molecular profile using the available tools and administer the 
appropriate treatment strategies to obtain the maximum benefit of the treatment. 
This concept is important even after the resistance to the therapy as patients may be 
further fractionated based on the profiles of resistant mechanisms. To do this, clini-
cians are needed to be well versed in molecular biology in addition to their 
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experience in clinic to understand the molecular profiles of both efficacy and safety, 
some of which are common in the profiles of gene aberrations, and to construct the 
optimal treatment strategies for the patients.
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Chapter 17
Application of High-Throughput 
Technologies in Personal Genomics:  
How Is the Progress in Personal  
Genome Service?

Kaoru Mogushi, Yasuhiro Murakawa, and Hideya Kawaji

Abstract  The advent of high-throughput profiling technologies, in particular 
next-generation sequencing, has revolutionized our genomic studies and provided 
unprecedented insights into the human diseases. The use of genetic testing in the 
clinical settings has grown substantially and has now entered medical practice 
around the world. Here we provide an overview of recent advances in various high-
throughput methods for genomic and functional genomic analyses. Next we review 
recent findings in genomics, ranging from single nucleotide polymorphisms associ-
ated with respiratory diseases and genomic alterations in lung cancers to aberrant 
gene expressions in lung diseases. Finally, we summarize the current status of clini-
cal sequencing efforts and further describe challenges in the clinical implementa-
tion of personal genomic medicine. We anticipate increase in the use of clinical 
sequencing, which require sufficient resource of computation to interpret large 
genomic datasets in a clinical laboratory. It is also crucial to extend existing 
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electronic medical record systems so that we can interact with genomic data and 
make full use of personal genomic information. Furthermore, standardization of 
genomic data is also necessary for the efficient exchange of patients’ genomes 
between hospitals.

Keywords  Next-generation sequencing · Personal genomics · Clinical sequencing

17.1  �Introduction

High-throughput profiling of the genomic landscape provides unprecedented oppor-
tunities to understand human diseases. Of particular importance, the use of genetic 
testing using next-generation sequencing (NGS) in the clinical settings has grown 
substantially over the last years around the world. This review provides an overview 
of the state-of-the-art technologies as well as recent genomic findings based on 
these technologies. We summarize the current status of clinical sequencing efforts 
and further describe challenges in the clinical implementation of genomic 
medicine.

17.2  �Recent Advances in Omics Technologies

Comprehensive profiling of the genomic landscape provides unprecedented oppor-
tunities to understand the cellular mechanisms that underlie diseases. From the 
early to mid-1990s, DNA microarray technology was developed and has since been 
widely used in numerous research fields including molecular biology, medical biol-
ogy, pharmacology, and agricultural science. DNA microarray is a high-throughput 
method for quantitation of nucleic acids by hybridization of oligonucleotides or 
cDNA probes spotted on a solid surface such as glass or plastic slides. One of the 
main uses of DNA microarray is to quantitate expressed mRNA in cells or tissues; 
another popular use is the detection of single nucleotide polymorphisms (SNPs) by 
designing probe sequences for each genotype in a target allele.

The next-generation sequencers have revolutionized genomic studies by enabling 
us to profile dozens of genes (panel sequencing), all exons (WXS, whole exome 
sequencing), or the entire genome (WGS, whole genome sequencing), and sequenc-
ing costs have decreased dramatically (by more than four orders of magnitude) over 
the last 10 years. Panel sequencing, that is, profiling a limited set of alternations 
related to diseases, is now widely employed. WXS extends the opportunity to 
uncover the contribution of an entire set of genes to various diseases. Of note, many 
alterations genetically associated with diseases are located outside of the protein-
coding genes, which underlines the importance of WGS for our understanding of 
non-exonic regions. Furthermore, technological developments have enabled us to 
obtain molecular profiles that could not previously be assessed (Fig.  17.1). One 
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major direction of development is the extension of read length. The “short-read” 
next-generation sequencers currently used can determine several hundred base pairs 
at most, which is inadequate to capture all of our genome complexities, such as 
haplotype, long repetitive elements, and chromosomal aberrations, despite their 
impact on diseases. “Long-read” technologies have been developed to overcome 
this limitation. For example, single-molecule real-time sequencing (by Pacific 
Biosciences) and nanopore-based sequencing (by Oxford Nanopore), as well as 
synthetic long reading (by Illumina) and linked reading (by 10× Genomics), have 
increased read length by two to three orders of magnitude [1].

Another developmental direction of this technology is to obtain functional infor-
mation about genomic regions, in particular non-protein-coding regions. 
Interpretation of genomic alterations requires assessment of their effects, and the 
contribution of non-coding regions to cellular functions, and subsequent traits, is 
still a challenging problem particularly in a clinical context. DNA methylation pro-
files can be obtained using bisulfite-sequencing (BS-seq) at a single-base resolution 
by sequencing DNAs where unmethylated cytosines are converted to uracils [2]. 
Chromatin accessibility and nucleosome structure, which provide the physical 
space for gene regulation, can be monitored with footprinting by using MNase 
(MNase-seq), DNaseI (DNase-seq), and transposase (ATAC-seq) [3]. Histone mod-
ification and transcription factor binding sites can be assessed with ChIP-seq, by 
sequencing DNAs that interact with proteins recognized by specific antibodies [4], 
whereas higher-resolution profiles can be obtained by digesting unbound DNAs 
with exonucleases. Although epigenomic profiling from formalin-fixed paraffin-
embedded (FFPE) tissues has been a challenge, several protocols have been devel-
oped to assess FFPE samples (bisulfite-sequencing [5], DNaseI sequencing [6], and 
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Fig. 17.1  An overview of recent technological advances
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ChIP-seq [7]). The gene regulatory machinery acts at the proximal region of tran-
scription initiation sites (promoters), regulating the transcription of DNA segments 
into RNA molecules. These regulatory regions can be identified by examining the 
transcribed RNAs, particularly their 5′ ends. Interestingly, distal regulatory regions 
(enhancers) also produce RNAs in a bi-directional manner. CAGE (cap analysis of 
gene expression) monitors the frequency of transcription initiation by counting 
5′-capped ends of RNA molecules. It has been effectively used to define promoters 
and enhancers across the human genome in broad ranges of cell types [8, 9]. 
Furthermore, profiling of chromatin interactions between cis- and distal-regulatory 
regions (promoters and enhancers) can be achieved with a technology called chro-
mosome conformation capture by examining ligated DNA fragments that share 
close physical proximity [10]. Hi-C is a protocol that targets the entire genome 
through high-throughput sequencing; however, its resolution is not sufficiently high 
to focus on individual regulatory regions. Employment of a process to enrich 
genomic regions of interest before sequencing is effective to increase the resolution. 
ChIA-PET (Chromatin Interaction Analysis by Paired-End Tag Sequencing), com-
bination of immunoprecipitation with chromosomal conformation capture, can 
identify interactions mediated by a specific protein of interest. Recently, a unique 
approach was proposed to study chromatin interaction, termed genome architecture 
mapping or GAM [11], which monitors the frequencies of DNA segments co-
occurring in a single slice of a single cell without relying on ligation.

The last developmental direction we should mention is the effort to reduce the 
amount of sample required to a single cell or even single nuclei. All of the above 
technologies require a certain amount of “bulk” cells and assume that the samples 
are homogenous or predominantly contain a single cell type. They are unable to 
obtain accurate profiles from minor but important cells, such as tumor stem and 
progenitor cells that reside in a “niche.” Manipulation of individual cells with man-
ual operation, cell sorter, or specialized microfluidic devices [12] that rely on valves, 
droplets, and nanowells may facilitate genome [13], epigenome [14], and transcrip-
tome [15] monitoring at the single-cell level.

The “omics” technologies have not only provided a means to examine patient 
specimens to obtain a precise understanding of the cellular mechanisms underlying 
individual diseases, but they have also produced a wealth of reference information 
from animal models, cultured cells, and reference samples, including cells obtained 
from healthy and patient donors. Extensive efforts have been made to compile these 
data into databases, which will facilitate their use for clinical interpretation of 
patient data, for example, evaluating the impact of genomic alterations in noncoding 
regions. In addition to compiled datasets of SNPs genetically associated with traits 
(GWAS catalog [16], GWASdb [17]) and a curated archive of relationships among 
genomic variations and phenotypes (ClinVar [18]), genomic data obtained from 
cancer patients (GDC [19], COSMIC [20]) and cancer cell lines (CCLE [21]) will 
provide direct insights into diseases. Genomic data obtained from healthy donors, in 
particular information on genome variation provided by population-scale genome 
sequencing [22, 23]; epigenetic marks provided by the international epigenome 
consortium (IHEC [24], BLUEPRINT [25]), including roadmap epigenomics [26]; 
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and transcriptome profiles of individual cell types provided by the FANTOM5 proj-
ect [8, 9, 27] will be of enormous value to understand genomic function underlying 
cells of disease state.

17.3  �Impact of Genomic Analysis on Respiratory Diseases

17.3.1  �SNPs Associated with Respiratory Diseases

The emergence and evolution of SNP array technology has enabled researchers to 
determine hundreds of thousands of SNPs in single experiments in a cost-effective 
manner (e.g., several hundred US dollars for an analysis of SNPs in an individual, 
depending on the type of assay used). A number of large studies of SNP frequencies 
using SNP arrays, called genome-wide association studies, have been conducted in 
the last decade. Furthermore, commercial genotyping services such as 23andMe 
and Pathway Genomics provide predicted risk reports based on individual’s geno-
types. NGS technology is another method to obtain personal genome information. 
While an SNP array can only determine genotypes at predesigned alleles, NGS 
directly analyzes the DNA sequence on the genome (e.g., via WXS and WGS, as 
discussed in the previous section). One of the largest differences between SNP array 
and NGS-based analysis is that NGS can capture rare variants (single nucleotide 
variants, SNVs) or novel mutations (e.g., non-synonymous mutations, mutations in 
splicing sites or promoter regions, insertions, and deletions) for both germline and 
somatic mutations. Furthermore, the cost of WGS has dramatically reduced in 
recent years: from 100 million US dollars in 2001 to 1000 US dollars in 2015 
(https://www.genome.gov/sequencingcosts/). However, WGS yields a huge amount 
of sequence data (50–100 gigabytes) for each individual, and interpretation of a 
variant of uncertain significance (VUS) is still a daunting task. Recent advances in 
bioinformatics have provided tools to predict the pathogenicity of a VUS, which 
helps researchers and physicians to interpret SNVs in an individual. In the follow-
ing, we overview the recent progress in genomic studies of respiratory diseases. 
Several GWAS projects have identified SNPs strongly associated with chronic 
obstructive pulmonary disease (COPD), lung cancer, asthma, idiopathic pulmonary 
fibrosis (IPF), and other respiratory diseases.

17.3.1.1  �SNPs Associated with COPD

Emphysema and COPD are strongly associated with alpha-1 antitrypsin deficiency 
(AATD or A1AD). AATD is frequently caused by a germline mutation in the alpha-1 
antitrypsin gene [AAT; the official gene symbol is serpin family A member 1 
(SERPINA1) according to the HUGO Gene Nomenclature Committee] [28]. 
Genetic polymorphisms in glutathione S-transferase mu 1 (GSTM1) and epoxide 
hydrolase 1 (EPHX1) are also risk factors for COPD [29, 30]. Recent GWAS 
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studies identified an association between COPD and gene variants in the 15q25 
region, which includes the genes for nicotinic acetylcholine receptor subunits 
(CHRNA5, CHRNA3, and CHRNB4) [31]; hedgehog interacting protein (HHIP) 
[32]; eukaryotic elongation factor, selenocysteine-tRNA specific (EEFSEC); des-
moplakin (DSP); microtubule cross-linking factor 1 (MTCL1); and surfactant pro-
tein D (SFTPD) [33].

17.3.1.2  �SNPs Associated with Lung Cancer

Although hereditary lung cancer is rare, germline mutation of T790 M in epidermal 
growth factor receptor (EGFR) was reported in a family with non-small cell lung 
cancer [34]. Three novel loci (rs7086803  in 10q25.2, rs9387478  in 6q22.2, and 
rs2395185 in 6p21.32) were associated with lung cancer in never-smoking women 
in Asia, and four loci (rs2853677 in 5p15.33 and rs10937405 in 3q28, as well as 
rs7216064 in 17q24.3 and rs3817963 in 6p21.3) were associated with lung cancer 
in the Japanese population [35].

In lung cancer treatment, irinotecan (CPT-11) is often used as an antitumor agent 
but is known to cause adverse effects such as neutropenia and delayed diarrhea. The 
frequency of these adverse effects is reportedly associated with the uridine diphos-
phate glucuronosyltransferase 1A1 (UGT1A1) genotype of the patient. UGT1A1 
has two major genotypes, *6 and *28, that are associated with decreased glucuroni-
dation of irinotecan and a higher risk of hematologic toxicity and severe diarrhea. 
Dose adjustment is recommended for patients with the UGT1A1*6 or UGT1A1*28 
genotype.

17.3.1.3  �SNPs Associated with Asthma and Allergic Disease

Asthma and allergic disease have a strong relationship, and they have common and 
distinct etiologies [36]. A meta-analysis of several GWAS of asthma in the North 
American population identified several loci, such as 17q21 near interleukin 1 
receptor-like 1 (IL1RL1), thymic stromal lymphopoietin (TSLP), and interleukin 33 
(IL33), as well as pyrin and HIN domain family member 1(PYHIN1), that were 
associated with asthma [37]. Another GWAS analysis suggested that loci in 4q31 
(USP38-GAB1), 10p14, and 12q13 as well as 5q22 (TSLP/WDR36) and 6p21 
(MHC class III region) were significantly associated with asthma in the Japanese 
population [38]. Furthermore, 11 genes including zinc finger and BTB domain con-
taining 10 (ZBTB10) and C-type lectin domain containing 16A (CLEC16A) are 
reportedly associated with the risk of having asthma with hay fever [39].

17.3.1.4  �SNPs Associated with IPF

Genetic studies have revealed that germline mutations in surfactant protein A2 
(SFTPA2) [40] and C (SFTPC) [41], telomerase RNA component (TERC), and 
telomerase reverse transcriptase (TERT) [42] may be the underlying cause of IPF 
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[43]. A recent GWAS study showed that variants in the TOLLIP, MUC5B, MDGA2, 
and SPPL2C loci were strongly associated with IPF in the United States [44]. 
Furthermore, an SNP in intron 2 of the TERT gene (rs2736100) has been shown to 
be associated with IPF in the Japanese population [45].

17.3.2  �Somatic Point Mutations in Lung Cancer

Somatic point mutations in lung cancers have been studied by means of high-
throughput NGS analysis. A whole genome sequencing study revealed thousands of 
somatic point mutations in non-small cell lung cancer, with an average mutation 
frequency much higher in smokers than in never-smokers. Importantly, many genes 
that were potentially targetable with drugs were found to be mutated [46]. More 
recently, a whole genome sequencing analysis was performed in small-cell lung 
cancer, which showed that genes involved in several key biological processes were 
mutated, thereby identifying candidate therapeutic targets [47].

17.3.3  �Genomic Rearrangements in Lung Cancers

The advent of NGS has enabled us to detect genomic rearrangements and has thus 
revolutionized the field of lung cancer genomic research by revealing a number of 
novel drug targets. Genomic translocation can underlie lung cancer development 
through the expression of fusion transcripts with oncogenic properties. Importantly, 
identification of these fusion transcripts can provide novel therapeutic candidates. 
The EML4-ALK fusion gene was first reported in non-small cell lung cancer by 
Soda et al. in 2007 [48]. Crizotinib, which was approved by the FDA in 2011, shows 
promising efficacy in the treatment of EML4-ALK-positive lung cancer by inhibit-
ing the constitutively activated ALK kinase [49]. In recent years, RNA-seq has been 
employed to identify fusion transcripts on a genome-wide scale and has success-
fully detected a number of novel gene fusions [50]. Various computational tools 
have been developed to detect fusion transcripts from RNA-seq data, and attempts 
have been made to compare the performance of available software packages [51].

17.3.4  �Utility of CAGE in Lung Cancer Diagnostics

In addition to genomic rearrangements and point mutations, aberrant gene activa-
tions in disease states can also be used for clinical diagnostics and treatment. One 
example is aberrant promoter activities in lung cancer, as measured by CAGE. CAGE 
is a method that can quantify promoter activities genome-wide by using NGS to 
determine the 5′ ends of capped RNAs. A recent study, in which CAGE analysis 
was performed on 97 frozen tissues from surgically resected lung cancers [22 squa-
mous cell carcinoma (SCC) and 75 adenocarcinoma (AD)], identified two novel 
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marker candidates, the SPATS2 promoter for SCC and the ST6GALNAC1 promoter 
for AD [52]. This finding will contribute to a more accurate diagnosis of lung can-
cer, which is an important step toward precision medicine for this disease.

17.4  �Challenges in the Clinical Implementation  
of Genomic Medicine

17.4.1  �Clinical Use and Interpretation

As mentioned in the previous sections, recent studies in genomic research have 
revealed many SNPs and SNVs associated with respiratory diseases. Well-known 
germline mutations in combination with common risk alleles found by GWAS can 
be used to diagnose specific diseases. Several genetic tests are being made available 
for clinical use in respiratory diseases. Conventional techniques (i.e., polymerase 
chain reaction-restriction fragment length polymorphism (PCR-RFLP), PCR 
invader assay, TaqMan PCR, and capillary sequencing) can still be used for this 
purpose if the number of target genes is limited.

Genetic tests based on targeted gene panels using NGS are being developed. In 
target gene resequencing, regions in the genomic DNA are selectively amplified 
using specific primers designed for the genes of interest. The obtained mixture of 
amplicons is analyzed by NGS to examine SNPs and SNVs in the target genes. In 
addition, DNA from multiple patients can be analyzed in a single sequencing run by 
adding “index” DNA sequences for multiplexing and demultiplexing each sample. 
MiSeq (Illumina) and Ion Torrent Personal Genome Machine Ion PGM (Thermo 
Fisher Scientific) are suitable for such target gene resequencing. For example, the 
Laboratory for Molecular Medicine at Partners HealthCare provides “PulmoGene 
Panel Tests” for comprehensive genetic testing for hereditary lung disease (8 genes 
for cystic lung disease, 17 genes for bronchiectasis, 12 genes for basic fibrosis, 21 
genes for Hermansky–Pudlak syndrome, 5 genes for pulmonary hypertension, and 
6 genes for central hypoventilation syndrome) [53]. Similarly, The DNA Diagnostic 
Laboratory at Johns Hopkins Medicine offers a “Comprehensive Diffuse Lung 
Disease NGS Panel.” For hereditary lung cancer, Blueprint Genetics provides the 
“Hereditary Lung Cancer Panel” for targeted resequencing of EGFR, breast cancer 
2 (BRCA2), cyclin-dependent kinase inhibitor 2A (CDKN2, also known as p16), 
and tumor protein p53 (TP53).

Therefore, SNPs and SNVs that are strongly associated with hereditary lung 
diseases can be screened for by using target gene resequencing at relatively low 
cost. However, patients without candidate SNVs in the target genes may nonethe-
less have a novel mutation for a disease. WXS or WGS might be helpful to further 
screen for possible pathogenic mutations, and the knowledge obtained would help 
to improve the diagnosis of hereditary lung diseases.
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17.4.2  �Implementation of Genomic Databases for Clinical Use

Genetic tests performed by NGS typically produce a huge amount of raw and pro-
cessed data (about 100 MB–100 GB, depending on the type of sequencing strategy 
and data used). These data are not directly interpreted by a physician, but future 
reanalysis of the data with improved software and a genetic database would be ben-
eficial for patients. Therefore, sufficient storage devices to handle large genomic 
datasets would be needed in a clinical laboratory.

In addition, most genetic testing services provide text-based reports for candi-
date pathogenic SNVs as well as information on VUS so that physicians can inter-
pret the significance of the mutations. These reports can be stored in an existing 
electronic medical record (EMR) system. However, it is sometimes difficult to 
search the contents of the reports if they are imported into the EMR as a scanned 
image such as a Portable Document Format (PDF) file. Therefore, an extension of 
existing EMR systems specifically to handle genomic data would be important to 
make full use of personal genomic information (Fig. 17.2).

Standardization of genomic data is also necessary for the efficient exchange of 
patients’ genomes between hospitals. One approach is the Electronic Medical 
Records and Genomics (eMERGE) Network in the United States [54]. The eMERGE 
Network consists of the following cohorts who provided written informed consent: 
approximately 20,000 participants in the Marshfield Clinic Personalized Medicine 
Research Project biobank, 1687 cases from the Mayo biobank, about 10,000 partici-
pants in the Northwestern University biorepository, 3793 participants in the Group 
Health biobank, and 75,000 patients in the Vanderbilt biobank. Such large networks 
have the potential to improve clinical care and discover novel findings in genomic 
medicine, including respiratory diseases.

Genomic database
+

Knowledge base

Safer and more
effective care

Genetic
test results

(SNPs and SNVs)

Patient Physician

Electric medical
record (EMR) system

Query

Consultation

Interpretation
of genomic
information

Clinical decision support system
(CDSS) interface

Fig. 17.2  A schematic 
diagram of relationship 
between electronic medical 
record (EMR) system and 
genomic database
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17.5  �Conclusion

Various technological advances in high-throughput sequencing methods have pro-
vided unprecedented insights into the genomic and functional genomic informa-
tion underlying diseases. Of particular importance, genetic testing for clinical 
applications has now entered medical practice around the world, and we anticipate 
increase in the use of clinical sequencing. To further facilitate the use of genetic 
testing in the clinical settings, sufficient storage devices to handle large genomic 
datasets would be needed in a clinical laboratory. In addition, an extension of exist-
ing EMR systems specifically to handle genomic data would be crucial to make 
full use of personal genomic information. Furthermore, standardization of genomic 
data is also necessary for the efficient exchange of patients’ genomes between 
hospitals.
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Chapter 18
Nucleic Acid Amplification-Based 
Diagnostics for Pulmonary Diseases:  
What Is the Current State and Perspectives 
of Nucleic Acid Amplification Technologies 
Used in Diagnostics Associated 
with Pulmonary Diseases?

Oleg Gusev, Yoshihide Hayashizaki, and Kengo Usui

Abstract  Rapid advances of genomic technologies in medical sciences resulted in 
growth of identified molecular biomarkers, including those required for proper drug 
administration and therapy selection in pulmonary diseases. While high-throughput 
technologies are powerful tool for wide screening, targeted real-time monitoring 
using nucleic acid amplification is still the most important method for DNA and 
RNA detection widely employed in clinical diagnostics. In this chapter, we over-
view the key nucleic acid amplification platforms successfully used in the clinical 
diagnostics, including that associated with pulmonary diseases, and briefly outline 
their advantages and pitfalls. We further focus on the specific isothermal amplifica-
tion technology SmartAmp and Eprobes developed by RIKEN outlining its imple-
mentation in quick and robust detection of several clinically important SNP and 
cancer-associated somatic mutations. Finally, we describe the further potential of 
expansion of utilization of Eprobes platform for direct protein detection for clinical 
diagnostic needs.
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18.1  �Introduction

Variety of biological molecules of metabolized products in the body is used for 
evaluation of our health by mean of analysis of blood and other derivatives. These 
molecules called “biomarkers” are measured quantitatively from the human speci-
mens, allowing to assess or predict health conditions or pathogenesis of diseases by 
comparing with reference value. Along with classical biochemical and metabolic 
biomarkers, genomic sequence-based human-inherited factors have been dramati-
cally investigated to become novel biomarkers, after the completion of Human 
Genome Project [1, 2]. The genomic variations such as single-nucleotide polymor-
phisms (SNPs) associated with several diseases were identified by the clinical 
cohort assays of genome-wide association study (GWAS) with SNP tilling array. 
Recently, rise of next-generation sequencing technologies (NGS) paves for speedy 
comprehensive analysis of genomic data. Current registered in 1000 Genomes 
Project number of SNPs exceeds 150 million records [1]. NGS contributes to iden-
tify not only hereditary variants but also novel cancer-specific somatic mutation 
(cancer driver mutation) from the cancer cell or tissue-derived genomic DNA. In 
fact, over four million mutations were described in the Catalogue of Somatic 
Mutations in Cancer (COSMIC), release v78 [3].

While we observe drastic accumulation of information on genomic variations 
associated with human diseases (reviewed in Chap. 17 of this book), one should 
note that analyzing of whole genome information for routine diagnosis of each 
patient may not be unrealistic due to time and money cost issues. Additionally, over-
load of complicated genomic information has a risk causing delay in making deci-
sion for personalized medical strategy. Therefore, target genetic technologies for 
time and cost-effective analyzing well-evaluated and annotated in relation to certain 
disease, individual SNP, mutation, or pathogen RNA/DNA are essential for routine 
medical use. Notably, the Food and Drug Administration (FDA) requires or recom-
mends gene diagnosis for constantly increasing list of drugs (186 titles as of April, 
2017) before actual medication to prevent individual adverse effects and to optimize 
effective dose volume.

18.2  �Nucleic Acid Amplification Technologies

In approaches focused on a single nucleotide variation (SNV), or limited genome 
re-arrangements as biomarkers, nucleic acid amplification methods are the optimal 
solution, due to the highest specificity targeted on the unique sequence from a tiny 
amount of sample volume, such as a drop of blood. The key and the most adapted 
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technique for amplification of nucleic acids for its further visualization has long 
been and still is the polymerase chain reaction (PCR), based on the thermal cycling 
equipment and some mechanism of amplification detection, either through 
post-reaction electrophoresis or real-time monitoring (e.g., fluorometry discussed 
further in this chapter).

Remarkably, utilization of diagnostic nucleic acid amplification has already 
expanded out of specialized diagnostics laboratories, driven by improvements in 
cost and evolving new amplification techniques for wider access [4]. Among the 
directions, the active employment of sequence-specific isothermal nucleic acid 
amplification is a promising alternative to classical PCR allowing, in principle, to 
eliminate the need for even basic laboratory equipment in favor of stand-alone diag-
nostic devices. Examples of the methods using this approach include strand-
displacement amplification (SDA) [5], nucleic acid sequence-based amplification 
(NASBA) [6], helicase-dependent amplification (HDA) [7], loop-mediated isother-
mal amplification (LAMP) [8], recombinase polymerase amplification (RPA) [9], 
and Smart Amplification Process (SmartAmp) [10, 11].

Here, we introduce detailed mechanism of an isothermal amplification taking 
SmartAmp as an example. SmartAmp employs a combination of two primers 
designed asymmetrically with different motifs on the tails, which primers are called 
as turn-back primer (TP) and folding primer (FP). The TP tail has a complementary 
sequence of downstream of TP annealing region (Fig. 18.1). At the same time, FP 
has an artificial hairpin sequence as the tail sequence. While the TP tail hybridizes 
newly synthesized DNA from TP and forms step-loop at the end of amplicon, FP 
tail forms a hairpin structure by itself. DNA amplification process in SmartAmp 
system includes two steps: the first step push the aiming sequence to be flanked on 
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Fig. 18.1  Main reaction pathway of SmartAmp. TP, turn-back primer; FP, folding primer; BP, 
boost primer; OP, outer primer
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3′ and 5′ ends with fold-back domains providing self-priming ability; and then the 
key intermediate products undergo repeated self-priming and target amplification 
with strand-displacement DNA polymerase (Aac DNA polymerase I) producing 
concatenated, primer inclusive amplification products. In addition, SmartAmp 
employs background suppression technology to increase specificity with boost 
primer (BP) and its hybridization-mediated fluorescence primer (see Sect. 18.3) 
and, thus, allowing an “amplification is detection” assay use. Among other amplifi-
cation technologies, SmartAmp has one of the highest specificities, high sensitivity 
(as low as 10 copies), and strong amplification (100-fold larger than PCR), allowing 
detection of target DNA even in crude cell lysate such as a drop of the blood. This 
combination of features make SmartAmp technology a promising platform for uti-
lization in point-of-care (POC) and over-the-counter (OTC) diagnostic devices, as 
one can expect less than an hour turnover time from taking biopsy to DNA/RNA 
analysis result.

18.3  �Fluorogenic Oligonucleotide Probe-Based Solutions

Double-stranded DNA (dsDNA)-specific intercalating dyes, such as SYBR 
Green I, are widely used to evaluate the result of DNA amplification [12]. 
Designed for sensitive diagnostics, the main components of real-time PCR 
instruments are the thermal controlling system, excitation light source, photode-
tector, and excitation/detection filters. In the process of real-time PCR, intensity 
of DNA amplification is reflected by alteration of fluorescence intensity, result-
ing in amplification curve of sigmoid shape. The timing of uprising amplifica-
tion curve in the studied sample depends on initiate copy numbers of template 
DNA. Using this dynamic, quantitative PCR (qPCR) allows quantitative analy-
ses of DNA in the studied sample by comparing the curve with that derived from 
control DNA.

Furthermore, a real-time PCR instrument can perform DNA melting analysis 
after the amplification reaction. This assay allows assessing amplified product size 
based on Tm value from fluorescence melting curve [13]. At the same time, SYBR 
green-based real-time PCR has some remarkable technical disadvantages. The most 
important issue here is the association of the dye with any amplified dsDNA includ-
ing false-positive amplified products such as primer dimer. Therefore, in this case, 
preparing highly specific PCR primers is critical.

Alternatively, highly specific results in real-time PCR or other amplification 
method can be achieved by using fluorogenic oligonucleotide probes (Fig. 18.1). 
The probes allow higher specificity by having a part of internal sequence of ampli-
fied region (amplicon) [14]. Each fluorophore in such probes is designed so that the 
alteration of florescence signal is taking place only after the hybridization of the 
probe to the amplicon. TaqMan probes (Thermo Fisher Scientific), for example, 
utilize 5′-end conjugated reporter fluorophore and 3′-end quenching dye for the 
targeting oligonucleotide (Fig.  18.2a) [15]. The probes produce the fluorescence 
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signal from the hydrolysis of the probe by 5′- to 3′-exonuclease activity of DNA 
polymerase. Hydrolysis of hybridized probe releases the fluorophore from the 
quenching dye; thus, the fluorescence signal increases with a progression of the 
amplification.

Molecular Beacon probes, an alternative solution, also contain 5′-end conju-
gated reporter fluorophore and 3′-end quenching dye [16]. At the same time, the 
probe has longer, compared to that of TaqMan one, oligonucleotide sequence and 
forms stem-loop structure by itself [17]. Two dyes are kept in close proximity and 
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the fluorescence is quenched by energy transfer. In a process of hybridization of 
Molecular Beacon with the target sequence, the fluorophore separates enough from 
quenching dye by formation of loop sequence/target-dsDNA, and target-specific 
fluorescence signal is derived (Fig. 18.2b).

Scorpion primer is a fluorescent primer conjugating Molecular Beacon-like 
stem-loop fluorogenic probe to the 5′ end of the primer [18]. Difference of such 
primer from Molecular Beacon is that the loop-sequence self-hybridizes to newly 
synthesized DNA strand from 3′ end of primer by DNA polymerase and the fluores-
cence signal is appeared. Scorpion primer contains hexamethylene glycol linker 
between stem-loop probe and primer segments, where the linker prevents synthesis 
of complementary DNA strand for the stem-loop segment. Therefore, the fluores-
cence signal causes only self-hybridization after DNA synthesis of the amplicon, 
and the blocking linker plays a role of preventing primer-dimer-based false-positive 
signal generation (Fig. 18.2c).

QProbe employs the opposite approach to obtaining upraised by amplification 
fluorescent signal. The probe design is simple: the fluorophore is conjugated at either 
5′ or 3′ end of an oligonucleotide. The fluorophore used for QProbe is BODIPY® FL 
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionic acid). The 
fluorophore is diminished by the interaction with a guanine (G) base on the hybrid-
ized targeted DNA. Therefore, quenching rate of the fluorescence increase along 
with DNA amplification (Fig. 18.2d).

Eprobe/Eprimer is an exciton-controlled hybridization-sensitive fluorescent oli-
gonucleotide (ECHO) containing two DNA-intercalating dye moieties (e.g., thia-
zole orange) conjugated to single nucleotide (thymidine base) in an oligonucleotide 
(Fig.  18.2e) [19, 20]. When in the single-stranded form, its fluorescent signal is 
strongly suppressed by an excitonic interaction between the dyes. Upon hybridiza-
tion of the Eprobe to a complementary target DNA strand, the dyes are separated and 
intercalate into the double-strand leading to strong fluorescence signal. Intercalation 
of dyes can further stabilize the DNA/DNA hybrid and increase the melting tem-
perature compared to standard DNA oligonucleotides [21]. This feature of Eprobe 
opens opportunities to use this type of probes in clamping oligonucleotide-based 
applications such as peptide nucleic acids (PNA) or locked nucleic acids (LNA) (see 
Sect. 18.4.1).

18.4  �Clinical Applications by the Nucleic Acid  
Amplification with Fluorogenic Oligonucleotide  
Probe and Eprimer/Eprobe

As described above, several nucleic acid amplification methods and fluorogenic oli-
gonucleotide probes were developed for genomic biomarker detection. In this sec-
tion, examples of diagnostic applications by the nucleic acid amplification combined 
with Eprimer or Eprobe as a fluorophore oligonucleotide probe are introduced for 
each kinds of the biomarker.
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18.4.1  �Somatic Point Mutation Detection in Cancer

Cancer driver mutations often affect effectiveness of the anticancer drugs, and its 
detection assists the appropriate dosing decision of the drug or preventing adverse 
effect for individual cancer patients. However, the tumor or blood specimens used 
for isolation of genomic DNA include not only cancer cell but also healthy one; 
therefore, highly sensitive and specific detection method for the target mutation is 
required. To achieve specific detection, suppression technologies of PCR amplifica-
tion from wild-type genomic DNA by using “clamping oligonucleotide” such as 
LNA and PNA were developed [22, 23].

Recently, Atsumi et al. developed novel highly sensitive detection method for 
somatic mutations: “Eprobe-clamping PCR” (Fig. 18.3) [24]. In the method, Eprobe 
is designed to be a full-match sequence for reference wild-type genome. Additionally, 
the probe has competitive sequence against 3′ terminal sequence either forward or 
reverse primers (reverse primer in Fig. 18.3). In case of wild-type genome, Eprobe 
strongly hybridizes to the genome and inhibits annealing of reverse primer. On the 
other hand, since the probe against mutated genome makes mismatch at the target 
SNP, the hybridization is unstable and allows the DNA synthesis from reverse 
primer. In this condition, amplified products from mutated genome are accumulated 
in the reaction. After the amplification, Eprobe also plays a role of fluorogenic 
oligonucleotide, and following results of melting curve analysis can identify exis-
tence of the mutation with high sensitivity.

In fact, Atsumi et al. applied the method to detection of KRAS codon 12 and 13 
mutations [24]. By combining Eprobe-clamping PCR method and high-resolution 
melting curve analysis based on Rotor-Gene Q system (QIAGEN), they achieved 
high sensitivity for detecting at least 0.05% mutation ratio. In the results of clinical 
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study with 92 genomic DNA derived from frozen tumor specimens, the method 
could dramatically improve the mutation detection level, which detected 33/92 
mutated samples (36%), whereas Sanger sequencing identified mutation in 20 sam-
ples (22%).

18.4.2  �HER2 12-bp Duplicated Insertion Detection  
in Lung Cancer

Somatic mutations in the cancer cells or tissues are represented not only by point 
mutation but also by insertion/deletion (indel) mutations. The frameshift or in-
frame patterns are caused by indel mutations at the protein-coding region, and the 
cancer-signaling pathway often activates by lose of function or gain of function of 
the expressed proteins from such the mutated genes.

Human epidermal growth factor 2 (HER2) is one of typical biomarker proteins in 
breast cancer. The HER2 protein is overexpressed on the cell membrane and triggers 
progression of the breast cancer [25]. On the other hand, lung cancer-specific inser-
tion mutation in HER2 gene is also reported [26]. The mutation causing 12 base pair 
insertion at exon 20 of the gene results in four amino acid residue duplication, Tyr-
Val-Met-Ala, in the sequence of expressed protein. A previous study demonstrated 
that anti-HER2 drug used for treatment of breast cancer, trastuzumab, had highly 
disease control rate of 93% with HER2 12-bp duplicated insertion mutation [27]. 
Therefore, detection of the insertion mutation in the biopsy of lung cancer patients 
is promising to suggest about efficacy of trastuzumab for lung cancer treatment.

As a diagnosis tool for HER2 12-bp duplicated insertion, Takese et al. developed 
highly sensitive mutation analysis by Eprobe-mediated PCR method (Eprobe-PCR) 
[28]. The method avoided wild-type-dependent amplification result by combining 
insertion-specific PCR primers and HER2-exon 20-specific Eprobe, and then at 
least 0.1% mutation detection was achieved. In clinical study for 446 of the lung 
adenocarcinoma, Eprobe-PCR could detect the HER2 mutation in 2.02% (9/446), 
while Sanger sequencing detected it in 1.57% (7/446) only. Additionally, the authors 
revealed via detection of Eprobe-PCR that the insertion mutation was not found in 
any other lung cancer type tested (squamous cell carcinoma, adenosquamous carci-
noma, small-cell lung cancer, and large-cell neuroendocrine carcinoma).

18.4.3  �Detection of SNPs in the MDM2 Gene by Using 
the Duplex SmartAmp Method

For SNP genotyping, the PCR technology with fluorogenic probe such as TaqMan 
has been generally developed. On the other hand, several isothermal nucleic acid 
amplification technologies have been mainly applied for infectious diseases 
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identification because of its performance of rapid amplification. In our study, there 
was a following example of development of the rapid SNP genotyping by using one 
of isothermal amplification method “SmartAmp” with Eprimer.

One of genetic polymorphisms in the human MDM2 gene is a tumor susceptibil-
ity marker and a prognostic factor for cancer. Enokida et al. have investigated an 
c.309T>G SNP in the MDM2 gene, which attenuates the tumor suppressor activity 
of p53 and accelerates tumor formation in humans. To detect this SNP, the authors 
have developed a new SNP detection method with two different colored exciton 
dye-labeled primers (Eprimers) for each variant (309T and 309G, respectively). The 
method, named Duplex SmartAmp, enables us to simultaneously detect both alleles 
in one tube and to detect them directly in a small amount of genomic DNA or blood 
sample [29]. The authors, then, confirmed effectiveness of Duplex SmartAmp by 
comparing the results derived from 96 genomic DNA and 24 blood samples to those 
obtained by using the conventional PCR-restriction fragment length polymorphism 
(RFLP) method; the results of both methods were in a full agreement. In the clinical 
setting, Duplex SmartAmp can be used to detect c.309T>G in the MDM2 gene to 
assess a patient’s cancer susceptibility and that the method enables rapid clinical 
diagnosis with larger number of samples.

18.4.4  �Other Types of Molecular Biomarkers Analysis  
by Nucleic Amplification Method: Protein  
Detection Via PLA Assay

Remarkably, the methods originally developed for nucleic acid detection can be 
successfully employed for detection other types of biomolecules, including 
proteins.

Heme oxygenase 1 (HO-1) is one of the oxidative stress-responsive enzymes. 
The enzyme catalyzes the initial rate-limiting step in the oxidative degradation of 
heme to bilirubin. The reaction of HO-1 with heme releases iron and carbon mon-
oxide, which can be measured in exhaled breath and has been shown to be elevated 
in patients with COPD; therefore, quantitative analyses of the protein are useful for 
suggesting COPD as protein biomarker.

ELISA is generally used for measurement of the protein level. However, limit of 
detection is often lower than clinical needs [30]. Söderberg et  al. have recently 
developed a new approach for highly sensitive protein detection method called 
proximity ligation assay (PLA), which is combined antibody-based target protein 
detection with DNA amplification [31] (Fig. 18.4a). The assay uses three antibodies 
recognizing one target protein. One antibody (3rd antibody in Fig. 18.4a) is conju-
gated to magnetic beads, and the other two antibodies (1st and 2nd antibodies in 
Fig. 18.4a) each carry a single-stranded DNA probe. First, when the DNA probe-
conjugated antibodies bind to the target protein, their terminal ends come into close 
proximity. Second, a splint oligo hybridizes both ends, the two DNA probes are 
ligated by T4 ligase and a linear single-stranded DNA template consisted of the two 
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probes is produced. Third, captured target-protein complexes are accumulated and 
isolated by the 3rd antibody conjugated to magnetic beads. Finally, positive fluores-
cence signal after Eprobe-mediated PCR indicates the existence of the target pro-
tein. In the in vitro feasibility study for HO-1 protein quantitative detection, the 
assay achieved high sensitivity (>50  pg/ml, i.e., >0.9  pM) and good linearity of 
quantification (0.5–5.0 ng/ml, r2 > 0.99) (Fig. 18.4b, our unpublished data).

18.5  �Conclusion

Despite the development of effective next-generation sequencing methods, allowing 
high-throughput genomic analysis of clinical samples and targeted gene diagnostics, 
based on nucleic acid amplification, remains to be a key tool in laboratory diagnos-
tics. There is obvious decrease of running cost and turnover (from biological sample 
to the result of analysis) time, as well as promising improvement in sensitivity and 
robustness of amplification methods and probes. In the next decade, we expect to 
observe further active development of POCT- and OTC-based gene diagnostic solu-
tions, to cope with rapid progress in genetic aspects of personalized medicine.
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