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Abstract. Lung cancer, which has a low survival rate, is
a leading cause of cancer-associated mortality worldwide.
Smoking and air pollution are the major causes of lung cancer;
however, numerous studies have demonstrated that genetic
factors also contribute to the development of lung cancer. A
family history of lung cancer increases the risk for the disease
in both smokers and never-smokers. This review focuses on
familial lung cancer, in particular on the familial aggrega-
tion of lung cancer. The development of familial lung cancer
involves shared environmental and genetic factors among
family members. Familial lung cancer represents a good model
for investigating the association between environmental and
genetic factors, as well as for identifying susceptibility genes
for lung cancer. In addition, studies on familial lung cancer
may help to elucidate the etiology and mechanism of lung
cancer, and may identify novel biomarkers for early detec-
tion and diagnosis, targeted therapy and improved prevention
strategies. This review presents the aetiology and molecular
biology of lung cancer and then systematically introduces and
discusses several aspects of familial lung cancer, including
the characteristics of familial lung cancer, population-based
studies on familial lung cancer and the genetics of familial
lung cancer.
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1. Introduction

Annually, there are ~7.6 million cancer-associated mortalities
worldwide, of which lung cancer accounts for 1.37 million
deaths (1). Lung cancer, which is also known as carcinoma of
the lung or pulmonary carcinoma, and is derived from epithelial
cells, is a malignant lung tumour characterised by uncontrolled
cell growth in the tissues of the lung. Lung cancer is categorised
into small cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC). NSCLC, which constitutes ~80% of all lung
cancers, is further classified into adenocarcinoma, squamous cell
carcinoma and large cell carcinoma (2). Early-stage lung cancer
can be treated surgically with a good survival rate; however,
most cases are identified in the late stages when surgery is no
longer an option as a result of distant metastases (3). Elucidating
the aetiology and mechanism of lung cancer is fundamental for
its diagnosis, treatment and prevention.

Familial cancers, wherein multiple family members are
diagnosed with the same cancer, are good models for inves-
tigating the aetiology and mechanism of cancer (1). Notably,
familial lung cancer, in particular the familial aggregation (or
occurrence) of lung cancer, has a high incidence, particularly
in certain regions of China, such as Xuanwei City in the
Yannan Province (4). The familial aggregation of lung cancer
may be influenced by several factors, including genetic factors,
similar lifestyles (e.g. smoking habit and diet) and similar
environments (e.g. indoor and outdoor air pollution). Studies
on familial lung cancers may help to elucidate the aetiology
and mechanism of this disease and may reveal novel onco-
genes and tumour Suppressor genes.

This review systematically introduces and discusses several
aspects of the familial aggregation of lung cancer, including
the aetiology, molecular biology, genetics and other character-
istics of familial lung cancer. Population-based studies on this
disease are also discussed.

2. Aetiology of lung cancer

Lung cancer is one of the few cancers with a well-known
aetiology (5). Smoking is the main cause of lung cancer;
however, the majority of smokers do not develop lung cancer,
and many patients with lung cancer have never smoked (4).
Therefore, other aetiological factors, including genetic, radia-
tion exposure and environmental pollution, must be involved
in the development of lung cancer.
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Environmental risks. Environmental factors have been
implicated in the vast majority of human cancers, particularly
lung cancer (4). Environmental factors associated with lung
cancer include smoking, passive smoking, air pollution, expo-
sure to carcinogenic chemicals and alcohol consumption. In
addition, exposure to radon, heavy metals used in smelting
and asbestos markedly increases the risk of developing lung
cancer (6).

Smoking as a causative agent. Cigarette smoking is thought
to cause 85% of lung cancer cases; however, only a fraction of
long-term smokers develop lung cancer. The development of
lung cancer depends on how much and how long an individual
has smoked, as well as other causes of lung cancer. Men and
women who smoke are 23 and 13%, respectively, more likely
to develop lung cancer compared with never-smokers (5).

In addition, passive smoking or inhalation of second-hand
smoke is associated with respiratory illness and lung cancer
in non-smokers. Children who had early exposure to passive
smoking may be at a high risk of developing lung cancer later
in life. A previous study reported that 9 million American
children aged <5 years are affected by passive smoking (7).

Tobacco smoke contains polycyclic aromatic hydrocarbons
(PAHs), which are common DNA-damaging carcinogens.
PAHs interact with DNA and form mutagenic DNA adducts,
which trigger the onset of lung cancer. Notably, smokers
have higher levels of PAH-DNA adduct formation than
non-smokers (8).

Indoor air pollution. Indoor environments are widely polluted
with a complex mixture of gases and particles produced via
combustion. Exposure to solid fuel smoke has been associated
with various diseases, including chronic obstructive pulmo-
nary disease, acute respiratory infection and various types of
cancer, particularly lung cancer (9).

Incomplete combustion results in the emission of gases,
including sulphur dioxide, carbon monoxide, carbon dioxide,
and nitrogen oxide, as well as PAHs, formaldehyde and heavy
metals. Approximately, half of the world's population is at risk
of developing respiratory diseases due to the use of unpro-
cessed biomass fuel and coal for cooking and heating (10,11).
A previous study conducted in China demonstrated that
indoor air pollution has an important role in the development
of lung cancer among Chinese women, particularly among
never-smokers (9). The study reported that women who cook
twice a day have a 2-fold risk of developing lung cancer (9).
Another study reported that the mortality rate associated with
lung cancer in Xuanwei, China was higher among users of
smoky coal than among users of smokeless coal; this indicated
that indoor air pollution caused by smoky coal is a major cause
of lung cancer in this region (12). These studies suggested an
aetiological link between indoor air pollution and lung cancer.

Outdoor air pollution. Outdoor air pollution, which is mainly
caused by emissions from transportation, power generation,
factories, industrial plants and agriculture, increases the risk
of respiratory and cardiovascular diseases (10). The Inter-
national Agency for Research on Cancer classified outdoor
air pollution as Group 1 carcinogens to humans (13). PAHs
constitute one of the major classes of carcinogens present in
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urban air pollution, and arise from incomplete combustion of
wood or fuel and from industrial or vehicle exhaust emissions.
Long-term exposure to PAHs has been shown to increase the
incidence of lung cancer (8).

Vehicle engine exhaust emissions are a complex mixture
of numerous carcinogenic and mutagenic chemicals that are
involved in lung tumourigenesis. Raaschou-Nielsen ef al (10)
demonstrated that non-smokers and residents near heavy
traffic roads are at a high risk of air pollution-associated lung
cancer. Furthermore, they reported that nitrogen oxide and
nitrogen dioxide emitted from vehicle engine exhaust are caus-
ative agents of lung cancer in urban populations (10). Animal
studies have also confirmed that exposure to diesel emission
promotes lung tumourigenesis (9,14).

Sulphur dioxide, a major air pollutant and co-carcinogen,
increases respiratory disease-associated mortality (14). A high
mortality rate has been observed among workers employed
in the paper and pulp industry, and among those exposed
to sulphur dioxide combined with arsenic. Other studies
suggested that sulphur dioxide exposure in the paper and pulp
industry contributes to lung carcinogenesis (15,16).

Pope et al (17) reported that long-term exposure to air
pollutants significantly increased the lung cancer-associated
mortality rate among people living in or near metropolitan
areas. In their study, the association between air pollution and
lung cancer remained significantly high, even after controlling
for factors such as cigarette smoking, body mass index, diet
and occupational exposure (17). This result suggested that air
pollution contributes to the development of lung cancer.

Heritable factors. Environmental factors and somatic events
are the major factors contributing to the development of
sporadic lung cancer. Genetic factors are also a signifi-
cant contributor, but only a few specific genes and other
genetic factors affecting lung cancer have been identified to
date (6,18).

Twin studies are a valuable source of information to unravel
the epidemiology of cancer. Comparison of the concordance
of cancer between monozygotic (genetically identical) and
dizygotic (sharing half of the segregating genes) twins may
reveal the influence of hereditary or environmental factors on
the familial pattern of cancer (19). A twin study revealed that
shared environments and lifestyles, but not genetic factors,
affect the onset of lung cancer, and that smoking habits are
likely the reason for the familial pattern of lung cancer in
twins (20). Another study suggested that genetic factors
do not exhibit strong prognostic value for lung cancer risk
in twins (18). In addition, a low probability of lung cancer
development was observed in a person whose identical twin
was suffering from lung cancer (21). Conversely, a previous
study (6) assessed the risk of lung cancer in 45,000 twins
(monozygotic and dizygotic) and demonstrated that monozy-
gotic and dizygotic twins had a 7.7- and 6.7-fold increased risk,
respectively (6). These results reflected the combined effect of
genetic and environmental factors.

Previous studies have demonstrated that factors such as
having an affected first-degree relative, early-onset lung cancer
and multiple affected family members significantly increase
the risk of lung cancer (22,23). The relatively strong influ-
ence of genetic factors among first-degree relatives suggests
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that major gaps exist in our knowledge of the genetics of lung
cancer.

3. Molecular biology of lung cancer

Chromosomal abnormalities. Cytogenetic analyses of lung
cancer revealed recurrent chromosomal alterations. Numerous
chromosomal abnormalities have been documented in lung
cancer; these abnormalities include allelic loss, isochromo-
somes, unbalanced translocation and loss of heterozygosity
(LOH) (24).

Extensive aneusomy (gain of 2 or more chromosomes per
cell) is the most commonly observed chromosomal change
in patients with NSCLC (25,26). Using classical cytogenetic
techniques, interphase fluorescence in situ hybridisation
(FISH) and comparative genomic hybridisation (CGH), ~50%
of NSCLC samples showed gains of chromosomes 6, 7
and 8 (27,28). Gains involving chromosome 5p are another
frequent abnormality observed in NSCLC. Karyotype studies
identified polysomy in most parts of chromosome 7 (29-31).
Furthermore, large areas of deletions in chromosomes 3
and 9p or amplifications in chromosomes 1 and 3q are recur-
rently observed in lung cancer (30). As determined by LOH
and CGH, higher rates of chromosomal alterations have been
observed in squamous cell carcinoma than in adenocarcinoma.
In addition, LOH at chromosome 3pl4 was more prevalent in
current smokers than in former smokers (32-34).

Oncogenes and tumour suppressor genes. Alterations in
oncogenes and tumour suppressor genes have been shown
to trigger cancer (35). Therefore, investigating these genes is
important to analyse the molecular mechanisms underlying
cancer. Several oncogenes and tumour suppressor genes have
been associated with lung cancer.

RAS genes were one of the first documented oncogenes and
were named H-RAS (homologous to heavy murine sarcoma
virus oncogene), K-RAS (homologous to Kirsten murine
sarcoma virus oncogene) and N-RAS (initially isolated from
neuroblastoma cell lines) (36). K-RAS encodes a G-protein
that controls signalling pathways regulating cell prolifera-
tion, differentiation and survival. Activating mutations in the
K-RAS oncogene are the most common oncogenic altera-
tions in lung adenocarcinoma, occurring in 25-40% of cases.
K-RAS mutations are more frequently observed in Western
populations than in Asian populations, and in male smokers
than in female smokers (37,38).

Epidermal growth factor receptor (EGFR), which is a
1,186-amino acid tyrosine kinase receptor protein located on
the cell surface, is mainly involved in cell growth and divi-
sion (39). The EGFR belongs to the avian erythroblastosis
oncogene B (ERBB) family, which includes ERBBI1 (also
known as EGFR), ERBB2 [also known as human epidermal
growth factor receptor 2 (HER2)], ERBB3 and ERBB4 (40).
EGFR overexpression in lung cancer was initially reported in
1993, where it was observed in 43-89% of NSCLC cases (41).
Of the known EGFR tyrosine kinase domain mutations,
>90% occur as point mutations or deletions in exon 19 (42,43).
Acquired EGFR mutations are frequently identified among
female non-smokers in East Asia, and indicate that they will
be responsive to EGFR-targeted therapies (44).

ONCOLOGY LETTERS 13: 535-542, 2017

537

B-RAF is a serine threonine kinase and one of the three
members of the RAF family, which includes A-RAF, B-RAF
and RAF-1. Oncogenic mutations in B-RAF occur in 6-8%
of NSCLC cases, accounting for >90,000 deaths per year
worldwide (45). The vast majority of B-RAF mutations in
lung cancer correspond to the hotspot transversion mutation
T1799A at exon 15. The B-RAF-V600E variant, which is the
most frequent mutant allele, has been used to match patients
genetically to B-RAF inhibitor therapy (46). B-RAF mutations
are prevalent in females with lung adenocarcinoma, regardless
of smoking history (47).

HER?2, similar to EGFR, is a member of the ERBB family
of receptor tyrosine kinases. HER2 mutations have been
identified in 2-4% of NSCLC cases, and the majority of muta-
tions involved insertions at exon 20 (48). HER2 mutations are
prevalent in Asian female patients who have never smoked;
these mutations are also more common in adenocarcinoma
than in other types of lung cancer (49). A novel germline
point mutation HER2 G660D has been recently identified in
never-smoker relatives with multi-generational lung adenocar-
cinoma (50).

The echinoderm microtubule associated protein-like 4
(EMLA4) and anaplastic lymphoma kinase (ALK) fusion protein
is among the latest molecular targets for NSCLC therapy.
Rearrangement of the EML4 and ALK genes was observed
in 3-7% of patients with NSCLC (51). ALK-positive lung
cancer patients are typically young, regardless of ethnicity,
with minimal or no exposure to tobacco, and have adenocar-
cinoma (52). Multiple transcript variants of the EML4-ALK
fusion gene have been observed in NSCLC. Among these
variants, E13:A20 (including exon 13 of EML4 and exon 20
of ALK) and E6a/b:A20 (variant 3a/b) are the most common,
accounting for 33 and 29%, respectively, of all the EML4-ALK
variants recognised in NSCLC (53).

ROSI is a proto-oncogene located on chromosome 6p22
and is involved in chromosomal translocations associated with
lung cancer. ROSI fusions are widespread in never-smokers
with a histological diagnosis of adenocarcinoma (54). In
patients with NSCLC, chromosomal translocations have
been identified by ROS1-solute carrier family 34 member 2
(SLC34A2) and ROSI-cluster of differentiation 74 (CD74)
fusions, which involve the fusion of the 5' region of SLC34A2
with the 3' region of ROSI and the fusion of the 5' region of
CD74 with the 3' region of ROSI, respectively (55). In addi-
tion to SLC34A2 and CD74 fusions, four new ROS1 fusion
partners, including tropomyosin 3, syndecan 4, ezrin and
leucine-rich repeats and immunoglobulin-like domains 3, have
been identified in NSCLC (55,56).

Rearranged during transfection (RET) is a novel oncogenic
driver which is located on chromosome 10ql11.2 and has been
detected in ~1.3% of lung cancer cases (57). RET, a receptor
tyrosine kinase, is involved in cell proliferation, neuronal navi-
gation, cell differentiation and cell migration. Patients carrying a
RET fusion are typically young, never-smokers with early lymph
node metastasis and poor differentiation. RET fusions occurs
in patients without other common oncogenes, such as EGFR,
K-RAS and ALK (58,59). Four RET fusion partners, including
kinesin family member 5B, tripartite motif-containing 33,
coiled-coil domain-containing 6 and nuclear receptor coacti-
vator 4, have been reported in NSCLC (60).
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Tumour protein p53 (TP53) is a tumour suppressor gene
located on chromosome 17p13, which encodes a protein that
regulates cell division, growth and apoptosis, and inhibits
cancer development. Mutations in the TP53 gene have been
shown to occurin 50% of NSCLC cases (61),and they were more
dominant in squamous cell carcinoma than in adenocarcinoma
among NSCLC cases (62). Patients with tobacco-associated
cancer have a higher risk for TP53 mutations than patients
who have never smoked (62,63). TP53 mutations have been
associated with exposure to environmental tobacco smoke and
a smoking history (61).

MicroRNA in lung cancer. MicroRNAs (miRNAs) are a class
of small non-coding RNA gene products ~20-22-nucleotides
in length. The function of miRNAs is to regulate gene expres-
sion; however, they have a substantial role in the pathogenesis
of human cancer and are recurrently abnormally expressed in
cancers (64).

Johnson et al (65) were the first to identify a role for miRNA
expression in the regulation of genes associated with lung
cancer. They demonstrated that human RAS genes are regu-
lated by let-7, a family of miRNAs that participate in the timing
of cell fate determination. They also detected lower expression
levels of let-7 in lung cancer than in normal tissues and higher
expression levels of RAS proteins in tumour tissues than in
adjacent normal tissues (65). Members of the let-7 family can
inhibit the expression of several oncogenes, including RAS,
MYC and high mobility group AT-hook 2 (66). Recent inves-
tigations have demonstrated that miRNA regulates EGFR in
lung cancer. An inhibitor of miR-128b upregulated EGFR
expression in an EGFR-expressing NSCLC cell line, and
treatment with miR-128b mimics significantly reduced EGFR
expression (67). In addition, p53 expression has been associ-
ated with the expression of miR-34a, miR-34b and miR-34c¢ in
lung cancer, suggesting that miR-34 regulates apoptosis as a
target of pS3 (68).

A single miRNA can influence the expression of several
mRNAs. Determining the biological pathways of miRNAs
helps to elucidate the carcinogenic mechanisms and improve
current diagnostic and therapeutic methods.

4. Familial lung cancer

Significance of familial cancer. Familial cancer is character-
ised by gene mutations in two or more first-degree relatives
diagnosed with the same type of cancer; this condition is influ-
enced by a hereditary predisposition, variable gene penetrance
and environmental factors (1). Familial cancer is attributable to
shared genetic and environmental factors. Hereditary predis-
position, which is passed through successive generations of a
family, has been implicated in 10-15% of cancer cases. Breast,
colon, bladder and ovarian cancers are commonly associated
with an hereditary predisposition (69,70).

The majority of patients with cancer have no family history
of cancer, and genetic alterations are somatic (only in the
cancer cells) rather than germline (heritable variation in the
lineage of germ cells). Approximately 1-5% of human cancers
develop because of known germline defects (69,71). In general,
all major hereditary cancer types differ from their sporadic
counterparts with respect to the underlying physiological and
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pathological mechanisms (1,71). Genome-wide association and
susceptibility studies are useful for the evaluation of inherited
genetic risks in populations with unique characteristics or
environmental exposure.

Currently, research on hereditary cancer is regarded
as being of primary importance with an immediate health
impact. The discovery of tumour-predisposing mutations
and the development of appropriate genetic tests are crucial
for the identification of healthy individuals who are at risk
of certain cancer types, and thus may benefit from timely
medical intervention (71). Identifying driver mutations and
screening high-risk populations for germline mutations can
reduce the mortality rate among cancer patients. For example,
intensive surveillance programmes ensure an early diag-
nosis, and preventive surgery may reduce cancer-associated
mortality (1,72).

A comprehensive review identified 54 hereditary cancer
syndromes. The majority of these cancer-susceptibility
syndromes are autosomal dominant, including retinoblas-
toma (Rb), Li-Fraumeni syndrome, neurofibromatosis, von
Hippel-Lindau (VHL) disease, familial adenomatous polyp-
osis and hereditary breast and ovarian cancer (73). Certain
genetic mutations have been associated with specific types of
hereditary cancer; associations have been reported for Rb and
the Rb tumour suppressor gene, Li-Fraumeni syndrome and
the P53 tumour suppressor gene, VHL disease and the VHL
tumour suppressor gene, and familial adenomatous polyposis
and the adenomatous polyposis coli tumour suppressor gene.
Hereditary cancer syndromes have also been associated with
oncogenic mutations. Hereditary forms of medullary thyroid
cancer develop because of inherited mutations in the RET
oncogene; thus, these forms of cancer are sensitive to the RET
tyrosine kinase inhibitor Vandetanib (74).

Some hereditary cancers have been associated with muta-
tions in multiple genes. A list of genes causing hereditary breast
cancer is rapidly expanding, of which breast cancer 1 (BRCA1)
and BRCA2 are the most studied. BRCA1 and 2 genes have
a central role in the DNA repair system via homologous
recombination, and their absence increases cell sensitivity to
particular DNA damaging agents (75,76). Approximately 15%
of ovarian cancers are also caused by the inherited BRCA1 and
BRCAZ2 mutations. BRCA1- and BRCA2-related cancers show
various genetic abnormalities, although both exhibit increased
numbers of gross chromosomal aberrations and a high
tumour grade (77). Familial colorectal cancer (CRC) usually
develops early, and almost all tumours result from hereditary
non-polyposis CRC (78). CRC is triggered by defects in
the DNA repair system, usually germline mutations in the
Mut L homolog 1, Mut S homolog 2, postmeiotic segregation
increased 2 and Mut S homolog 6 genes (78,79). In addition,
high-level microsatellite instability has been observed in CRC
patients (80).

Hereditary tumours are increasingly recognised as exhib-
iting distinct bio-clinical characteristics, and thus require
tailored treatment strategies. With the increasing risk of
familial cancers, identification of culprit genes in families
is imperative. Such investigations will permit the identifica-
tion of individuals and families who are at a high risk of a
particular cancer, as well as the active implementation of
preventive measures. Researchers are interested in using
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familial cancer models to identify individual and groups of
genes responsible for cancer development, to identify novel
cancer-associated genes and biomarkers, and to estimate the
risk of cancer in members of the general population. Studies
on familial cancers have revealed various important oncogenes
and tumour suppressor genes, including BRCA1, BRCA2, Rb
and VHL (77,78). These findings provide opportunities for the
prevention of cancer and the early detection of cancer through
evidence-based screening.

Familial risk of lung cancer. Lung cancer is predominantly
associated with environmental factors, including smoking and
air pollution; however, familial causes of lung cancer cannot
be ignored. Familial aggregation of lung cancer is frequently
observed in clinical studies (81-84). Familial lung cancer is
more complex than other familial cancers, and can be caused
by shared environmental factors or shared genetic factors
among family members (85). The role of genetic factors in
tumour development in lung cancer is poorly understood, as
genetic factors are masked by the influence of environmental
factors, including smoking, air pollution and coal burning (86).
The development of lung cancer in never-smokers is a complex
clinical problem, and a large number of studies have indicated
that individuals with a family history of lung cancer are two-
to three-fold more susceptible to lung cancer development than
those without such a history; this association is strongest for
those whose siblings have been affected by lung cancer (22).
The risk of lung cancer in individuals with a family history
of cancer among first-degree relatives is increased by ~50%
compared with those without a family history, and this asso-
ciation is not affected by gender, ethnicity, histological types
and other known lung cancer risk factors (23).

Studies on familial cases of lung cancer have provided
evidence for hereditary transmission of lung cancer from one
generation to the next generation. Approximately 8% of lung
cancers are inherited or occur as a result of a genetic predis-
position (82,87). In a previous study, first-degree relatives of a
lung cancer proband had a greater than normal likelihood of
developing cancer compared with other non-smokers because
of genetic recombination (83).

Lung cancer rates in Xuanwei (Yunnan, China) are 4-5 times
higher than the average in China, and air pollution is the main
reason for lung cancer in Xuanwei. Often, multiple members
of families in this region are diagnosed with lung cancer (4).
Aside from the environmental factors, genetic factors have also
been associated with the risk of lung cancer, particularly among
women in Xuanwei (88). A study in China determined the risk
of lung cancer among the relatives of a patient with lung cancer
and found that female relatives, particularly the mothers, had
a higher risk of developing lung cancer than male relatives.
However, the exact genetic mechanisms influencing lung cancer
susceptibility in female relatives in China are unknown (89).
Indoor cooking is still practiced in some rural areas of China
and in numerous other countries; this practice can be considered
an important risk factor for lung cancer among women (11). The
abovementioned studies suggest that lung cancer is likely to
develop in genetically predisposed individuals.

Population-based studies on familial lung cancer.
Population-based studies on familial cancer are vital for the
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elucidation of the genetic mechanisms of cancer, as well as for
risk identification and occurrence ratios of mutation-associ-
ated cancer in a certain population. Another approach for the
investigation of familial lung cancer is to classify the relatives
of a proband according to their degree of risk for cancer.

The Nationwide Swedish Family-Cancer Database is
the largest dataset on familial cancer (90). According to the
database, for the dominance effect in offspring, information
from parental probands is authentic, whereas risk analysis
between siblings without affected parents provides clues
about possible recessive effects (90). The database is used
to search for evidence of a genetic predisposition to lung
cancer; several studies found that a familial risk for lung
cancer among offspring was increased to 1.77% when the
parents were affected, and that the risk was higher among
siblings (2.15%) than between offspring and parents (72). An
Icelandic population was investigated to assess the contribu-
tion of genetic factors to the risk of lung cancer development;
the investigation involved 2,756 patients and revealed the
importance of genetic susceptibility in the progression of lung
cancer (87). Notably, their results demonstrated that a familial
predisposition positively influenced lung cancer development
due to the significantly increased risk ratio (RR) for the first-,
second- and third-degree relatives of lung cancer patients (87).
However, shared environmental factors could not be ignored,
as a considerably increased RR was also observed in the
spouses of lung cancer patients (87).

Another study investigated the association between
lung cancer and genetic factors in 102,255 patients; it was
demonstrated that the risk of lung cancer development was
significantly elevated among the first-degree relatives of a lung
cancer patient (91). When a family history of tobacco exposure
was accounted for, the results suggested that females were more
likely to develop lung cancer than males (91). A previous study
estimated the risk of lung cancer among the white and black
relatives of a proband, and demonstrated that the first-degree
relatives of a black individual with early-onset lung cancer had
a greater risk for lung cancer than their white relatives, and
the risk was significantly increased by a history of tobacco
smoking (92). In addition, an elevated risk was observed
among individuals whose father or siblings were affected by
lung cancer; both males and females were similarly affected.
These findings support the aggregation of lung cancer in
families (84). A previous study investigated the importance of
smoking and a family history of various respiratory diseases
in women with lung cancer; there was a significant association
between lung cancer and both smoking and a family history of
respiratory disease (93). In addition, women with a history of
bronchitis, pneumonia and emphysema were shown to have a
higher risk of developing lung cancer than those with a family
history of asthma or hay fever (93).

Population-based studies on familial lung cancer have
indicated that genetic factors increase the risk for lung cancer,
although environmental factors remain the most important
causes. Furthermore, the genetic susceptibility for lung cancer
is higher in females than in males.

Genetics of familial lung cancer. Identifying novel genes
associated with familial lung cancer is challenging. To date,
only a few lung cancer-specific genes have been identified.
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Therefore, further improvements in the understanding of cancer
genetics are necessary. Whole-genome sequencing and exome
sequencing can be used to identify genes that cause diseases,
not only in probands but also in the successive generations (94).

Several studies have reported that familial lung cancer is
associated with an increased risk of NSCLC for both smokers
and non-smokers (44,81,83). A previous study demonstrated
that almost a fifth (18%) of 230 NSCLC patients who had never
smoked had a family history of lung cancer, and suggested
a potential link between EGFR mutations and familial lung
cancer (81).

Genome-wide association studies independently revealed
that the chromosomal region 15q24-25.1 is associated with an
increased risk for nicotine dependence and lung cancer devel-
opment (95,96). This region contains the nicotinic acetylcholine
receptor subunit gene and a single nucleotide polymorphism.
The risk for lung cancer was relatively higher in this region
for familial cases; more so than sporadic cases (96). In another
study, the risk of lung cancer was more than five-fold higher
among individuals who had a family history of lung cancer and
two copies of the high-risk alleles rs8034191 and rs1051730 (82).
The clinical significance of these findings remains unclear. A
regulator of G protein signalling family (RGS) member, RGS17,
has been identified as a causative gene in the chromosome 6p
locus, where some common variants have been associated with
familial cancer, although the association of the RGS17 gene
with lung cancer has not been reported previously. A functional
study indicated that RGS17 is highly expressed in tumour
tissues and that its overexpression increases the proliferation
rate of tumour cells (97).

Researchers from Japan recently analysed 9 members of a
large family (20 members) suffering from an autosomal domi-
nant lung adenocarcinoma. The whole-exome sequencing of
two affected and two normal individuals of the same family
revealed a novel germline mutation (G660D) in the transmem-
brane domain of the HER2 gene located in chromosome 17 and
exon 17. In addition, they sequenced exon 17 of the HER2 gene
of sporadic lung cancers. The HER2 G660D germline muta-
tion was not detected through sequencing, although another
novel mutation, V659E, in a patient with adenocarcinoma was
identified. The study concluded that the novel HER2 mutation
is potentially oncogenic, causing hereditary and sporadic lung
adenocarcinoma (50).

In a European family, multiple members suffering from
NSCLC were associated with the germline transmission of an
EGFR variant, namely EGFR T790M. In the study, the EGFR
T790M variant resulted in a subtle alteration in EGFR signal-
ling and enhanced the effect of other activating mutations in the
same region (98). Another study reported that 5/10 NSCLCcases
carried the EGFR T790M variant. Of these five cases, only two
had a family history of lung cancer. This mutation has been
associated with familial lung adenocarcinoma (99).

Mapping of the lung cancer genome is an important
step towards understanding the pathogenesis of lung cancer.
Whole-genome analyses of cancer have identified numerous
novel candidate genes. However, large-scale collaborative
efforts are required to identify novel variants and to improve
the understanding of already known variants. Whole-genome
sequencing of familial lung cancer provides an opportunity for
this purpose.

KANWAL et al: FAMILIAL RISK FOR LUNG CANCER (REVIEW)

5. Conclusion

Lung cancer is the most common fatal cancer worldwide. Envi-
ronmental factors, including smoking, passive smoking, and
indoor and outdoor air pollution, are the major causes of lung
cancer, although genetic factors likely also contribute to lung
cancer development. Numerous studies have provided evidence
that the genetic makeup of an individual is associated with
lung cancer susceptibility. The familial aggregation (or occur-
rence) of lung cancer may be caused by shared environmental
exposures, an inherited susceptibility or a combination of both.
Familial lung cancer represents a good model for investigating
the association between environmental and genetic factors, as
well as for identifying the susceptibility genes of lung cancer.
Studies on familial lung cancer may help to elucidate the
aetiology and mechanisms of lung cancer and to identify novel
biomarkers for early detection and diagnosis, targeted therapy
and improved preventive measures. These endeavours are a
part of the core concepts of ‘precision medicine’. However,
although some studies based on familial lung cancer have been
performed, only a few genes have been identified among patients
with a family history of lung cancer. Research on familial lung
cancer will be an enormous endeavour. Collectively, molecular
and whole-genome studies on familial lung cancer should be
conducted to identify the genes responsible for lung cancer.
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