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A B S T R A C T

Mutations occur spontaneously, which can be induced by either chemicals (e.g. benzene) or biological factors
(e.g. virus). Not all mutations cause noticeable changes in cellular functions. However, mutation in key cellular
genes leads to developmental disorders. It is one of the main ways in which proto-oncogenes can be changed into
their oncogenic state. The progressive accumulation of multiple mutations throughout life leads to cancer. In the
past few decades, extensive research on cancer biology has discovered many genes and pathways having role in
cancer development. In this review, we tried to summarize the current knowledge of mutational effect on dif-
ferent cancer types and its consequences in brief for future reference and guidance of researchers in cancer
biology.

1. Introduction

DNA is the prime hereditary material in most organisms except a
few viruses. DNA in a cell can change as a consequence of environ-
mental exposure to certain chemicals, ultraviolet radiation, other ge-
netic factors, or even from defective DNA replication and repair process
[1–3]. Hereditary alteration in the nucleotide sequence of an organism,
viral genome or extra-chromosomal DNA is termed as mutation. It is the
sudden change in the heritable characteristic which generates the
variability that permits evolution to continue [4]. Without mutation,
the gradual development of life from inorganic material would not have
been possible. Mutations can occur at different scales ranging from
small (single base) to large magnitude (multiple genes). Genetic alter-
nations due to mutation, especially in the coding region of a gene shows
drastic effect leading to various disease development and physical ab-
normalities [5]. Some mutations are beneficial for the organism, such as
the development of immunoglobulin functional diversity. Mutations
that are beneficial for the organism are selected by nature and such
mutations accumulate within the gene pool [6]. Somatic mutations are
genetic alteration that can be passed to the progeny of the mutated cell
in the course of cell division within the life cycle of individual or-
ganism. Somatic mutations may lead to various diseases, including
cancer. It differs from germ line mutations, which are inherited genetic
alterations that occur in the germ cells. Somatic mutations are fre-
quently caused by environmental factors, such as exposure to ultra-
violet radiation or certain chemicals. For example, chemicals released
in Bhopal gas tragedy in India are still affecting and inducing mutations
in the genetic architecture of organisms living in that area [7]. Majority

of the cancers about 90% are caused by somatic mutations and en-
vironmental factors while a few cancers are linked to germ line muta-
tions.

The ultimate effect of germ line mutation is genetic variation; it is
both the cause of genetic disease and the medium for evolution.
Variation in the mutational process leads to different diseases, termed
as mutational signatures. Except a few cancers which result from
germline mutations such as the XP-related cancers, all other types of
cancer are caused by somatic mutations, but the biological processes
generating these mutations are limited [8]. The mutation catalogue
from a cancer genome bears the footprints of mutational signatures [8].
Distinct combinations of mutation types in cancer genomes are gener-
ated by different mutational processes [9]. Somatic mutations occurring
in cancer genomes may be the result of intrinsic DNA replication ma-
chinery, exogenous or endogenous mutation exposures, defective DNA
repair, enzymatic modifications of DNA or some combinations of these
[8]. In multiple mutational processes, mixtures of composite signatures
are formed as these are based on “driver” mutations [10]. The joint
effect of mutation-selection influences the observed frequency of mu-
tation detected in an affected population. The strongly selected muta-
tion will be found more frequently than weakly selected one in a con-
dition where both the mutations are equally likely to occur. The effects
of driver mutations lie on a continuum, including both mini-drivers and
major-drivers. However, the relative selective advantages of individual
driver mutations have not yet been quantified [11].

Immune system can suppress tumorigenesis, but also contribute to
cancer initiation and progression suggesting a complex interaction be-
tween the immune system and cancer [12]. Recent insights on clinical
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studies and experimental mouse models of carcinogenesis, magnified
our understandings about the intricate association between immune
cells and developing tumors [13]. Tumor heterogeneity and metastasis
play a substantial role in tumor growth [14]. The effect of epigenetic
alternations in promoting the progression of cancer is now widely
known. Two epigenetic processes i.e. DNA methylation and histone
modification are well known for their role in cancer susceptibility. DNA
methylation patterns is altered in cancer cells in comparison to normal
cells. DNA hypomethylation leads to carcinogenesis via microsatellite
instability, transcriptional activation and overexpression of oncogenes
and loss of imprinting [15]. Thirty seven percent of somatic p53 mu-
tations occur at methyl CpGs, and these mutations are strongly im-
plicated in the cause of cancer [16]. The abnormal histone acetylation
leads to cancer development via its effect on many nuclear and cellular
processes [17]. In addition to changes in histone acetylation, cancer
cells are also distinguished by widespread changes in histone methy-
lation patterns. Histone acetylation and DNA methylation are known to
be intimately linked, as a number of proteins involved in DNA methy-
lation (DNMTs and MBDs) directly interact with histone modifying
enzymes (histone methyltransferases and histone deacetylases) [18]. Many
studies have shown the effect of inflammation in tumorigenesis [19].
However, not all inflammatory diseases increase the risk of cancer and
some of them may even reduce it. As a consequence of different forms
of inflammation, the tumor microenvironment harbors different cell
types which interact among themselves and decide the shape and the
growth of tumour i.e. whether inflammation promotes tumor growth or
anti-tumor immunity. Some forms of chronic inflammation are directly
associated with the various environmental factors that lead to cancer
and various risk factors. Cancer risk increases with the induction of
inflammation by bacterial and viral infections [19,20]. Nearly 15% of
the worldwide cancer incidence is associated with microbial infection
[21]. Further evidence for the role of inflammation has come from the
use of nonsteroidal anti-inflammatory drugs (NSAIDs) in the prevention
of spontaneous tumor formation in people with familial adenomatous
polyposis (FAP) [22]. Thus, cancer and inflammation are related by
epidemiology, histopathology, inflammatory profiles, and the efficacy
of anti-inflammatory drugs in prophylaxis [23].

The rates of different mutational processes vary among tumors and
cancer types. In some types of cancer, somatic mutations are known to
generate with exposures to UV radiation in the skin, tobacco con-
sumption in lungs [8] or by abnormalities of maintenance of DNA e.g.
defective DNA mismatch repair in some colorectal cancers [9]. Re-
cently, Engstrom et al, 2017 confirmed that the mesenchymal-epithelial
transition (MET) splice site mutations that result in the deletion of exon
14 (METex14del) are bona fide oncogenic drivers and sensitive to tar-
geted therapeutics [24]. Tumor gene mutation status is becoming in-
creasingly important in the treatment of patients with cancer. Below a
few, distinct types of cancer-related to mutations are referred and re-
viewed on the basis of previous studies and its consequences are dis-
cussed in brief for future reference and guide.

2. Gene mutation related to different types of cancer

Lung cancer is cancer that starts in the lungs, characterized by
multiple molecular/genetic changes over a long period of time [25,26].
Most common alterations are due to mutations of Keap1, members of
the ErbB family, KRAS, TP53, p16, BRAF, PIK3CA, AKT, FGFR2 and
MAP2K1 gene. Somatic mutation or homozygous mutation could alter
Keap1 activity that might lead to cancer by enhancing Nrf2 transcrip-
tional activity [27]. Two mutations were observed in DGR domain of
Keap1 i.e., G430C in human lung cancer and G364C in lung adeno-
carcinoma [27]. HER2 protein is a receptor tyrosine kinases of the HER
family, found mostly in human cancers [28,29]. Mutations that occur in
the kinase domain are in-frame insertions in exon 20, mostly involve
the amino acid sequence Tyr-Val-Met-Ala [29]. HER2 mutations are not
present in tumors harboring NRAS, BRAF, EGFR or KRAS2 mutations,

the genes of which have also been implicated in the development of
lung cancer [30]. About 30% of human lung adenocarcinoma is due to
mutations in KRAS gene [31–34]. Pathogenesis of adenocarcinoma by
KRAS involves the transformation of airway epithelial cell by activating
the ERK-MAP kinase pathway [35,36]. Mutation of the KRAS gene also
alters EGFR signaling pathways. EGFR plays an important role in the
pathogenesis of adenocarcinoma of the lung rather than progression
[37,38]. Mutation in EGFR leads to the activation of EGFR tyrosine
kinase by destabilizing its auto inhibited conformation, which does not
require ligand stimulation for maintenance [39]. Mutant EGFR scan
transform fibroblasts and Ba/F3 cells [40,41]. Mutation in EGFR is
more frequent in females and non-smokers [42,43]. KRAS and EGFR
sequentially function in the MAPK signaling pathway, two molecules
might be functionally redundant due to activating mutation which
drivestumor growth [44–47]. KRAS mutations were never found in
tumors with EGFR mutation and they show mutually exclusive re-
lationship [37]. EGFR mutations are neither linked with the stage of
diseases nor with age of the patients [37].

Point mutation results in recessive p53 that is found in both cyto-
plasm and nucleus [48,49]. Mutated p53 gene is metabolically stable
and commonly associated with heat shock protein (hsp70) family [50].
Mutation disrupts a splice site in TP53, a characteristic feature of small
cell lung cancer (SCLC) [38]. TP53 mutations occur more frequently in
smokers [51]. The p16 is a tumor suppressor gene which is inactivated
over 40% of NSCLCs [36]. BRAF mutations in NSCLC increase the ki-
nase activity that leads to constitutive activation of MAPK2 and MAPK3
[52]. AKT1 gene mutation in NSCLCs is about 1%. Mutation occurs in
Glu17Lys, which encodes protein kinase B. This mutation alters the
phosphoinositide-binding pocket, and activates protein kinase B [53].
FGFR1 somatic mutation is found in bronchoalveolar cancer [54].
MAPKK1 (also known as MEK) is a Ser-Thr kinase that is linked with B-
RAF at downstream and activates MAPK2 and MAPK3 [55]. EGFR,
KRAS, HER2, PIK3CA, and BRAF mutations are mutually exclusive to
MAP2K1 mutations [29].

Breast cancer is the leading cancer type in women having a lifetime
risk of more than 10%. Women with a BRCA1 or BRCA2 mutation have
a cumulative lifetime risk of invasive breast cancer (up to the age of 70
years) of 55–85% and of invasive epithelial ovarian cancer of 15–65%
[56,57]. It was estimated that the penetrance of BRCA1 gene is 59% by
age 50 years and 83% by age 70 years [58]. Studies indicated that
women who carry germline BRCA1 mutations and undergo bilateral
prophylactic oophorectomy may experience a reduction in breast
cancer [59–62]. The majority of the families with a clearly dominant
predisposition to breast and ovarian cancer are now known to harbor
germline mutations in either BRCA1 orBRCA2 genes [56,63,64]. Many
distinct mutations in BRCA2 are related to the risk of developing
prostate cancer, laryngeal cancer, and pancreatic cancer [57,65,66].
Tumors with BRCA1 mutations are generally negative for both estrogen
and progesterone receptors whereas most tumors with the BRCA2
mutation are positive for these hormone receptors [67–70]. Breast
cancer has somatic mutation spectra dominated by C-to-T transition
[30,71–78]. Most of these mutations occur at hydrolytically disfavored
non-methylated cytokines throughout the genome and are sometimes
clustered [77,79]. DNA cytosine deaminase APOBEC3B is a probable
source of mutations [80]. APOBEC3B messenger RNA is upregulated in
most primary breast cancer tumors and breast cancer cell lines. Tumors
that express a high level of APOBEC3B have twice as many mutations as
those that express at low levels and more likely to have a mutation in
TP53 gene [80].

In breast cancer, PIK3CA gene is frequently mutated at exon 9 and
20 [81]. The phosphatase and tensin homolog gene (PTEN) is mutated
in breast cancer [82]. PALB2 is a new addition to the growing list of
genes associated with approx 2-fold increased risk of breast cancer
[83]. CHEK2 mutations are also associated with increased risk of breast
cancer [84]. A rare mutation of BRIP1 was also identified in breast
cancer families [85]. RAD50 conferred an approx 4 fold increase in the
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risk of breast cancer [86]. Women with mutations in the p53 gene may
be at increased risk of developing breast cancer. However, mutations of
the p53 gene are rare, affecting an estimated 1 in 10,000 individuals
[87]. Mutations in HRAS1, the Cowden disease gene, p65, and TSG101
may also confer a higher risk of developing breast cancer [87]. Breast
cancer is uncommon in male accounting for only about 1% of all breast
cancers and 1% of all malignancies detected in man [88].

Oral cancer is defined as the cancer formed in the tissues of the oral
cavity or the oropharynx. It belongs to a larger group of cancers called
head and neck cancers. According to GloboCan 2018, it is the 7th most
common cancer preceded by breast, lung, colorectal, prostate, stomach,
and liver cancer. Oral cancer is high in case of men in India [89].
Smoking, alcohol misuse, regular use of betel-quid and infection by
human papillomavirus increase the risk of oral cancer [90]. Betel-quid
chewing with or without areca nut (Areca catechu) and tobacco, is
traditionally popular in India and is known to cause oral cancer
[91,92]. The chewing of betel-quid with or without tobacco helps in the
formation of nitrosamine, a carcinogen [92,93].

According to Oral Cancer Gene Database (Version II), 374 genes are
known to involve in oral cancer [94]. More than 63 karyotypes have
been described in oral cancer and the recurrent loss of chromosome 9,
13, 18 and Y has been reported [95]. In most of the head and neck
cancer cells, a deleted region in chromosome 9p2122 is observed
[96,97]. Frequently deleted regions in 3p and 13q may also yield new
tumor-suppressing genes (TSGs) or oral carcinogenesis [98]. Aberrant
expression of EGPR and TGF-alpha leads to malignancy in human oral
cancer [99,100]. Combined expression of TGF-alpha and EGPR formed
more aggressive tumors than those formed by EGPR alone [101]. TSGs
or anti-oncogenes possess negative regulatory controls which are lost
due to chromosomal aberrations during tumor formation. Functional
loss of multiple TSGs or anti-oncogenes is due to chromosomal aber-
rations during tumor formation, a major event in the development of
malignancies [102,103]. Polymerase chain reaction has revealed a high
frequency of p53 mutations in patients with squamous-cell carcinoma
associated with a history of tobacco and alcohol [104].

Cell surface molecules play important roles in inhibiting oral kera-
tinocyte proliferation [105]. E-cadherin and DOC are found to be down-
regulated during oral cancer development [106]. Adenomatous poly-
posis coli (APC) gene, that produces G-like protein, is frequently mu-
tated in certain familial colorectal cancers [107]. Further studies dis-
close that the APC gene may be altered in the premalignant oral lesions
[108]. RAR-b, retinoic acid receptor-beta is seen to be down-regulated in
the head and neck cancer [109]. The frequent deletions among betel
quid and/or tobacco chewers are seen in chromosome arms 3p (genes
FHIT and RARB), 4q, 5q, 9q and 18q [110–112]. The mRNA production
of cyclooxygenase-2 (COX-2) gene is upregulated which results in in-
flammatory response [113]. In Gingivo-buccal oral squamous cell car-
cinoma (OSCC-GB),USP9X, MLL4, ARID2, UNC13C and TRPM3 genes
were found to be frequently altered [114].

In the recent few years, thyroid cancer has emerged as a common
endocrine malignancy and has been rapidly increasing its global in-
cidence [115,116]. Thyroid cancer has many histological types and
subtypes, based on different cellular origins, characteristics, and prog-
noses [117]. Majority of the thyroid malignancies occur in the follicular
thyroid cells, while a small proportion of thyroid malignancies occur in
the parafollicular C cells. Malignancies occurring in the parafollicular C
cells are called medullary thyroid cancer (MTC), occur as a result of
aberrant activation of RET signaling caused by RET mutations. The
papillary thyroid cancer (PTC) and follicular thyroid cancer (FTC) are
collectively classified as differentiated thyroid cancer (DTC) [118].

Point mutations of the BRAF gene at codon number 600 is found in
approximately 45% of PTC [119]. Point mutations at codon 12, 13 and
61 in the three RAS genes (HRAS, KRAS, and NRAS) have been found in
pediatric papillary thyroid carcinoma [120–122]. NRAS codon 61 and
HRAS codon 61 mutations are most common in thyroid cancer [122].
Proteins encoded by the RAS gene are the components of multiple

intracellular signaling cascades such as MAP-Kinase pathway and PI3K-
AKT pathway [123]. Mutations in the RASgene cause the loss of its
GTPase activity, thereby locking RAS in an active state. RAS mutations
activate the PI3K-AKT pathway in thyroid tumorigenesis, which has
been suggested by the preferential association of RAS mutations with
AKT phosphorylation in thyroid cancer [124–127]. Chromosomal re-
arrangements of the RET/PTC have been found in most PTC [128].
Most common chromosomal rearrangement includes RET/PTC1 and
RET/PTC3, in which the RET gene fuses either to CCDC6 (H4) or
NCOA4 (ELE1 or RFG), respectively [129,130]. As all the fusion part-
ners of RET residues occur in the long arm of chromosome 10, the re-
arrangements are paracentric and intrachromosomal inversions
[131,132]. RET/PTC2 and nine more rearrangements have been dis-
covered recently which are formed by RET fusion with genes located on
different chromosomes [120,121,133–139]. Rearrangements also lead
to the fusion of a portion of the PAX8 gene and the PPARγ gene results
in the overexpression of the chimeric PAX8/PPARγ protein [135,140].
This type of rearrangement is a prototypic alteration which has been
found in 30–35% of follicular thyroid cancers [139,141,142]. In
Hurthle-cell thyroid carcinoma (HCTC), mutations occur in NADP de-
hydrogenase (ubiquinone) 1α sub-complex 13 (NDUFA13) also known
as GRIM19 [143]. This type of carcinoma does not harborBRAF, RAS or
RET-PTC mutations [144,145]. Mutations in β-catenin (CTNNβ1),p53,
isocitrate dehydrogenase 1 (IDH1), anaplastic lymphoma-kinase (ALK) and
epidermal growth factor receptor (EGFR) have been found to occur in
thyroid carcinoma [146–153].

Gastric cancer is one of the most common malignant diseases having
the highest mortality rates worldwide and adenocarcinoma is asso-
ciated with 95% of gastric cancer cases [154]. On the basis of Lauren’s
classification, gastric cancers are divided into two main subtypes-in-
testinal and diffuse [155]. Less than 3% of the gastric cancer cases are
linked to hereditary cancer syndrome. Diffuse Gastric Cancer (HDGC) is
the most frequent hereditary gastric cancer that occurs due to the germ
line mutation in CDH1 genes [156–158]. Hereditary nonpolyposis colon
cancer patients haveahigh risk of intestinal gastric cancer which arises
through disordered DNA repair mechanism as a result of mutation
inMSH2 and MSH1 genes [155]. In precancerous lesions, p16 methy-
lation is associated with H. pylori infection in the intermediate meta-
plasia stage [155]. The risk of gastric cancer can be detected by the
genomic instability in the intestinal metaplasia and can also be used for
the clinical evaluation of malignant potential [159].

Almost 50% of the gastric cancer is due to microsatellite instability
[155]. It is the result of the epigenetic changes of the mismatch repair
genes especially MSH1 gene [160–162]. Impairment of the DNA mis-
match repair genes due to hypermethylation in the promoter region is
the most common epigenetic change which leads to multiple mutations
with simple nucleotide repeats and the expression levels of many
downstream genes. They affect and exert functional consequences on a
number of cell functions such as cell signaling, cell cycle and tumor
suppression [163]. High level of microsatellite instability tumors has
better survival rate as compared to the tumors having a low level of
microsatellite instability [164]. Malignancy can be detected by the
chromosomal instability and can occur as an early or late event in
disease progression [155,165]. There are large numbers of chromo-
somal aberrations in gastric cancer; the gain of copy number associated
with the intestinal gastric cancer involves 8q, 17q, and 20q whereas in
the diffuse gastric cancer the copy number gain is associated with the
12q and 13q [166–173]. Breakpoint mutation in SLCIA2 gene re-
sponsible for chromosomal inversion produces a SLCIA2-fusion protein
which alters the growth properties of cells probably by causing ab-
normalities in the metabolic pathways [174]. ROS1 gene is another
novel fusion protein which is produced as a result of the genetic re-
arrangements in gastric cancer [175].

Skin cancer is currently the most common type of human cancer,
and is of particular concern since its incidence is increasing at an
alarming rate [176]. Skin cancer is mainly divided into melanoma and
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non-melanoma skin cancers (NMSCs), the latter includes basal and
squamous cell carcinomas (BCC and SCC), respectively [177]. The skin
has p53-dependent cellular proofreading responses to DNA damage in
which transformed cells undergo apoptosis [178]. Mutation in the
p53tumor suppressor gene appears to be an early genetic event in the
development of UV-induced skin cancer [179].The location of mutation
in the p53 gene is not random and hotspot of C to T and CC to TT
mutations are found in skin [180–182]. In human, p53 gene defects are
involved in more than 50% of malignancies including melanoma and
non-melanoma skin cancer [177]. p53 gene inactivation may result
fromapoint mutation, deletion, and insertional mutation [183]. In
melanomas, p53 gene mutations are late events that occur during pro-
gression to a higher grade of malignancy whereas it is an early event in
non- melanomas skin cancer [184].

Most RAS mutations found in various types of human cancers occur
in codons 12, 13 and 61 and result in the continuous activation of RAS-
mediated signal transduction [185]. A number of studies have now
shown that human skin cancers contain mutation in all three members,
HRAS, KRAS, NRASof the RASfamily [186]. Human skin tumors origi-
nating on the sun exposed body sites revealed that 16–40 skin tumor
casesanalysed (11 of 24 SCCs and 5 of 16 BCCs) contained the identical
G →T mutation (glycine to valine) at codon 12 of the H-RAS oncogene
[187]. Thep16protein is expressed in both melanoma and non-mela-
noma skin cancer. In melanomas, p16 protein expression shows a gra-
dual down-regulation, where, in non-melanomaskin cancerp16 protein
expression shows a gradual up-regulation [188,189]. Nuclear factor
erythroid-related factor 2 (Nrf2) also plays an important role in the
pathogenesis of SCC [190]. Mutation in XPF, XPD, ERCC1 genes result
in an increased incidence of skin cancer in human [191].

Renal cell cancer (RCC) occurs in adults. In RCC changes in miRNA
expression have been documented, although the patterns reported are
not consistent [192–200]. Kidney cancer is frequently associated with
the Von Hippel Lindau (VHL) tumor suppressor inactivation, resulting
in elevated levels of hypoxia inducible transcription factors (HIF)
[201]. Renal cancer comprises a number of distinct types of cancers that
occur in kidney, each with a different response to therapy and different
genes causing the defect [202,203]. Kidney cancer affects nearly
270,000 patients worldwide annually [204]. Genes playing acrucial
role in kidney cancer are VHL, MET, FLCN, TSC1, TSC2, FH and SDH
[205,206]. Kidney cancer may be in non-inheritedas well as hereditary
(inherited) forms. Most of the genetic basis of kidney cancer is con-
cerned with the hereditary forms of kidney cancer [206]. There are four
types of hereditary kidney cancer: VHL, HPRC, BHD and HLRCC. Ef-
fective forms of therapy for this disease can be developed by under-
standing the genetic basis of kidney cancer [205].The renal tumors
associated with VHL lead to clear cell renal carcinoma [207]. In nearly
100% of VHL families, germline mutation of the VHL gene is identified
[208]. The gene VHL possesses the characteristics of a tumor suppressor
gene and alteration of both copies of the gene is found in sporadic clear
cell renal carcinoma and VHL- associated tumors [205].

Hereditary papillary renal carcinoma (HPRC) is a cancer syndrome,
in which affected individuals are at risk of the development of multi-
focal, bilateral, type 1 papillary renal carcinoma [209,210]. In renal
carcinoma, mutations are confined to exons which encode the tyrosine
kinase domain. In affected individuals in HPRC kindreds, activating
mutations in the tyrosine kinase domain was found [211]. In a subset of
sporadic, type 1 papillary renal cell carcinoma MET mutations were
also found [212].Around 22 mutations mainly frameshift or nonsense
mutations were identified in BHD (Birt-Hogg-Dube syndrome) kindreds.
BHD is a cancer syndrome in which individuals develop cutaneous fi-
brofolliculomas, pulmonary cysts and renal tumors [213,214]. HLRCC
is a cancer syndrome in which individuals are at a risk of developing
cutaneous and uterine leiomyomas and kidney cancer [215].

Pancreatic cancer is the fourth-leading cause of cancer death in the
USA leading to an estimated death of ˜44,330 per year. Most of the
cases of pancreatic cancer are sporadic although ˜10% of the overall

cases are believed to be caused by inherited genetic factors [216–218].
It was observed that a family history of pancreatic cancer increases the
risk of developing cancer by ˜3 folds [216,219–221]. The risks further
increase to 9 folds when the individuals have a pancreatic cancer pa-
tient among a first-degree relative [222,223]. When the number of the
first degree relative with pancreatic cancer rises above 2, the risk in-
creases to 57 folds [216,224]. Till date, around 63 genetic alterations
have been found to be linked with pancreatic cancer, of which a ma-
jority have been found to be point mutations [225]. KRAS gene has
been found to be mutated in over 90% cases of pancreatic cancer
[226,227].The wild-type KRAS gene encodes for glycine (GGT) at
codon 12, and the most common amino acid substitution is aspartic
acid for glycine (46%), followed by valine (32%), arginine (13%), cy-
steine (5%), serine (1%–2%), and alanine (< 1%) [228]. The BRAF
gene is a downstream molecule in RAS signaling and a frequent can-
didate for mutation in various cancers including 60% of melanomas and
10% of the colorectal carcinomas [229–231]. This elucidation
strengthens the mutual involvement of KRAS2/BRAF mutations in the
onset of pancreatic ductal carcinogenesis. The frequency of cyclin E
(proto-oncogene) overexpression in pancreatic cancer patients is nearly
6% [231].

The frequency of p53 mutations in pancreatic cancer patients is
lower as compared to mutations in the KRAS gene. Murphy
et al.2002identified that 5 out of their 29 pancreatic cancer patients
(17.2%) harbored a deleterious mutation of the BRCA2 gene [216]. The
biallelic inactivation of BRCA2 is a relatively late event in the pro-
gression of pancreatic tumorigenesis [232]. Another study has linked a
2bp deletion (6819delTG) of BRCA2 gene with high penetrance of
pancreatic cancer [216]. Independent studies have established PALB2
as the second most common mutational target associated with familial
pancreatic cancer, the first being BRCA2 [233]. Two mutational hot-
spots have been detected within the MTS1 gene, codons 72 and 102
[234–237].The MTS1 gene along with p53 plays an important role in
regulating the onset of pancreatic cancer [238]. Pancreatic cancer may
also be identified by detecting the presence of a combination of MTS1
and KRAS mutations in the primary tumor [238].

3. Application of mutational information and advances already
made

Any decision on lung cancer therapy is based on histological con-
siderations. The discovery of mutational effect on tumor progression in
subsets of non-small-cell lung cancer (NSCLC) has transformed the
clinical management of lung cancer. The identification of different
biomarkers and treatments based on these biomarkers has improved the
cancer treatment in recent years (Fig. 1). Targeting EGFR mutations or
the EML4-ALK rearrangement with tyrosine kinase inhibitors has
transformed the clinical management [239]. The most significant
paradigm change in the last 10 years for NSCLC management was
heralded by the use of EGFR TKIs as first-line therapy for patients with a
targetable EGFR driver mutation [240]. Tyrosine kinase inhibitors
(TKIs), Gefitinib (Iressa), and erlotinib (Tarceva) are used to treat
non–small cell lung cancers (NSCLCs) that have activating mutations in
EFGR gene which inhibits the epidermal growth factor receptor (EGFR)
kinase [241]. The identification of novel oncogenic drivers in lung
adenocarcinoma i.e. mutations in BRAF, PIK3CA, HER2, and fusions in
ROS1 and RET are currently being validated as therapeutic targets in
clinical trials.Park et al., 2016 showed that afatinib significantly im-
prove the outcomes in treatment-naive patients with EGFR-mutated
NSCLC compared with gefitinib, with a manageable tolerability profile
[242]. BEZ235, a small inhibitor molecule shows antitumor activity by
targeting PI3K and mTOR proteins [243]. In ATR-deficient cells, the
ATM-dependent DDR could serve as an important tumor-suppressive
defense machinery in vivo [244]. Mutations in MAP2K1display sensi-
tivity to the small-molecule non-ATP-competitive MAPKK1 inhibitor,
AZD6244 [245]. EFGR TKI response rate is about 60%–80%. Patient
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with ALK positive mutation responds to about 60% by the inhibitor
crizotinib [246]. However, the efficacy of crizotinib in these cancers is
limited by poor activity in the CNS and the frequent emergence of drug
resistance in a relatively short time [247].

Genome-wide changes in histone acetylation can serve as molecular
biomarker of tumor versus normal tissue [248]. Over-expression of
histone deacetylases (HDACs) correlates with the decreases in both
disease-free and overall survival in several cancer types, such as pros-
tate, colorectal, breast, lung, liver, and gastric cancer [248]. Adjuvant
systemic therapy substantially improves disease-free and overall sur-
vival in both pre-menopausal and post-menopausal women upto the age
of 70 years with lymph node positive or negative breast cancer
[249,250]. Anthracyclines as monotherapy or in combined drug re-
gimen are considered as the most effective drugs in breast cancer [251].
Trastuzumab (Herceptin) a monoclonal antibody against the growth
factor receptor HER2, has been shown to improve survival in HER2
over-expressing breast cancer patients, and as an adjuvant therapy in
combination with other treatments [252,253]. Many potential in-
hibitors of matrix metalloproteinases (MMPs) were designed and as-
sessed for anti-cancer properties. The key to the design of effective MPIs
(metalloproteinase inhibitor) is understanding the roles and properties
of individual MMPs. Originally MPI design was based on small peptides
that mimicked MMP substrates [254]. MicroRNA-335 and miR-126 are
also identified as metastasis suppressor miRNA in human breast cancer
[255]. Robinson et al., 2013 put forwarded the idea that activating
mutations in ESR1 are a key mechanism in acquired endocrine re-
sistance in breast cancer therapy [256]. Strategies for the reduction of
the risk of primary and contralateral breast cancer include prophylactic
mastectomy and chemoprevention [257,258]. The use of olaparib (an
oral poly ADP-ribose) in germline BRCA1 and BRCA2 (BRCA1/2) –as-
sociated breast and ovarian cancers are in clinical trials [259]. In breast
cancer, tamoxifen reduces the risk of primary invasive and pre-
malignancy in women at high-risk and of contralateral breast cancer in
unselected women [260]. Microarray analysis has been used to distin-
guish cancer associated with BRCA1 or BRCA2 mutation [261,262] to
determine estrogen-receptor status [262–264] and lymph-node status
[265,266].

Prevention and early detection of oral cancer remain the goals of
national efforts to reduce the impact of this disease in public. Inhibition
of EGFR plays an important role in tumor progression. Anti-EGFR an-
tibodies namely 225 and cetuximab shows antitumor activity in several
cancer cell lines, including oral cancer [267].To a significant degree,
the oral problems associated with radiation therapy can be prevented or
minimized through optimal management [268]. Surgical treatment is
the mainstay of therapy for patients with oral cancer, particularly in
advanced stages of cancer [269]. Radiotherapy and photodynamic and
topical cytotoxic radiotherapy (RT), is used for treating oral in-
traepithelial neoplasia (IEN) [270]. Over the last decade, oral che-
motherapy has generally failed to keep pace with increasing use of
i.v.cytotoxics [270]. High-dose of the retinoid 13-cis-retinoic acid
(13cRA) can reverse oral IEN and reduce the SPT risk of definitively
treated head and neck cancer patients [270]. High dose of 13cRA is not
acceptable for long-term prevention.

Radiotherapy and chemotherapy are the treatment options for the
advanced stages of differentiated thyroid cancer (DTC) and medullary
thyroid cancer (MTC) [271]. The treatment regimen for advanced
cancer treatment includes bleomycin, doxorubicin, platinum-con-
taining compounds or a combination of these agents. In the field of
molecular mechanisms of thyroid cancer, recent research has under-
lined the role of oncogenic kinases [119]. This field now focuses on the
efforts for the use of new targeted therapeutics, especially the ones that
inhibit kinases involved in signaling, cellular growth and angiogenesis
[272]. A wide variety of multi-targeted kinase inhibitors has entered
clinical trials for patients with metastatic thyroid cancers since 2005
[273]. Most of these agents inhibit vascular endothelial growth factor
receptor (VEGFR) and have a potent anti-angiogenetic role because of
the similarity between RET and VEGFR kinases. The RET/RAS/RAF
pathway is interconnected with the epidermal growth factor (EGF)-
activated cascade and leads to the synthesis of vascular endothelial
growth factor (VEGF) and VEGF receptor [271]. Mutations in the BRAF
oncogene confer new or enhanced activity on a protein, which has been
found to be the frequent genetic alterations in patients with papillary
thyroid cancer. Drugs targeting this pathway could play a significant
role in the treatment of this disease. Some of the therapeutic drugs

Fig. 1. This figure highlights the role of mutation and the genes that play a vital role in cancer development.
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include sorafenib, which has an RAF-RET and VEGFR-inhibiting ac-
tivity; axitinib having VEGFR, C-KIT and PDGFR inhibiting activity;
pazopanib possessing VEGFR and PDGFR inhibiting activity; sunitinib
inhibiting a multikinase inhibitor, E7080 and VEGFR [271]. Cobazo-
tinib targets MET, VEGFR2 and RET whereas vandetanib targets RET,
EGFR and VEGFR for the treatment of metastatic MTC [274]. However,
numerous side effects of these multi-targeted kinase inhibitors have
been reported in different trials with several patients requiring a dose
reduction to improve tolerability. The commonly occurring side effects
of these inhibitors involved the cardiovascular system such as hy-
pertension, cardiomyopathy, stroke and skin rashes [273]. In some
cases, TSH elevations were observed during motesanib therapy [275].
Some of the antineoplastic drugs have been found to be interacting with
FGFR3, WEE1, PSMD1, MERTK, RARG and ESR2 genes which are up-
regulated and down-regulated in anaplastic thyroid cancer. Carfilzomib
and bortezomib are the proteasome inhibitors which have been suc-
cessfully used in inhibiting ATC (Anaplastic thyroid carcinoma)tumor
growth in vitro and in vivo [276,277]. The RARG gene encodes the re-
tinoic acid receptor gamma and treatment of ATC cell lines with re-
tinoic acid has significantly elevated iodine uptake and altered ex-
pression of genes involved in cell growth and differentiation [278]. ATC
is a highly aggressive tumor with a poor prognosis which is often di-
agnosed in the late stage with theregional and distant spread. There-
fore, the demand for new targeted therapeutic molecule is highly es-
sential for the treatment of ATC. MTOR, MET, WEE1, PSMD1, MERTK,
FGFR3, RARG and ESR2 pose as potential therapeutic targets which
may lead to the introduction of novel therapies in ATC and these genes
might function as targets for inhibitory drugs [279].

In gastric cancer, the protein encoded by the HER2 oncogene is the
first successfully exploited molecule in the therapies for gastric cancer
[280]. Other therapeutics includes the mesenchymal epithelial transi-
tion (MET) pathway. MET is a tyrosine kinase receptor, several sig-
nalling transduction cascades become activated by the auto-phosphor-
ylation of the MET leading to cancer cell proliferation, invasion and
metastasis [281]. So the development of the MET inhibitors can be used
for the therapeutic purpose. Rilotumumab is a monoclonal antibody
used for targeting MET. Several other promising molecular targets in-
cludes VEGR2, FGFR1, 2, HER3, and members of the PI3K/AKT/mTOR
pathway [282].

Phototherapy is currently being used to treat various epidermal
diseases. These phototherapies are conducted by using broadband UVB
(290–320 nm), and narrowband UVB (311–313 nm), UVA- 1
(340–400 nm), and proralens plus (PUVA). PUVA therapy is mutagenic
and carcinogenic. The determinants of the risk of NMSC and melanomas
in PUVA-treated patients can vary with the dose and length of time of
exposure to PUVA. Patients with PUVA may also develop large, irre-
gular, unevenly pigmented, dark lentigines known as PUVA lentigines,
which may be a precursor of melanoma. PUVA is a major risk factor for
many skin conditions and a useful tool for treating several skin condi-
tions. Natural products having anti-skin cancer activity were discussed
and reviewed by Chinembiri et al. [283].

For effective targeting of C-Met pathway three basic strategies are
used, firstly antagonism of ligand/ receptor interaction, secondly in-
hibition of tyrosine kinase catalytic activity and lastly by blockade of
receptor/ effectors interaction. Conventional and C-Met –targeted
therapies when combined together may offer promise for specific can-
cers [284]. Agents like geldanamycin can attenuate the supply of new
receptors to the cell surface with inhibitors of other receptor functions,
lowering the dose of each, reducing the level of drug toxicity and the
pressure for drug-resistant mutations. For patients with localized clear
cell type1 papillary orchromophobe kidney cancer the conventional
approach to therapy has been to surgically remove the tumor. The
surgical approach of partial nephrectomy has been developed over the
past two decades and is now a widely used approach for most patients
with kidney cancers that are 7 cm or less in size. In clinical trials, the
role of adjuvant therapy is performed in patients with metastatic

disease [285]. TheVHL pathway leads to the development of ther-
apeutic approaches for patients with clear cell kidney cancer [286,287].
Agents targeting the VHL pathway such as temsirolimus, everolimus,
sunitinib, maleate, sorafenib, pazopanib and axitinib having significant
anti-tumour activity in patients with clear cell kidney cancer have been
identified by several studies [288].

Pancreatic cancer is associated with 12 signaling pathways con-
stituting mutations in 63 genes [289]. Cytotoxic chemotherapy based
approach using gemcitabine is the most widely used therapeutic tech-
nique that has been applied to tackle pancreatic ductal adenocarcinoma
(PDAC). Molecular approaches have been used to target oncogenes and
their downstream signaling molecules. The simultaneous inactivation of
epidermal growth factor and MEK pathway which are downstream
signaling components of the KRAS signal cascade using erlotinib and
selumetinib respectively have shown some success in stabilizing the
disease [290,291]. Poly(ADP-ribose) polymerase (PARP) inhibitor in
combination with gemcitabine shows strong anti-tumour activity
[291,292]. The targeted use of pegylated recombinant hyaluronidase
against hyaluronan accompanied with gemcitabine have proven to be
very efficient in preliminary mouse model studies [291,293]. Since
cancer stem cells (CSCs) constitute a very small percentage of the cells
in a pancreatic tumor; these cells have a 100-fold higher ability com-
pared to the non-tumorigenic ones [294]. Moreover, the CSCs can resist
chemotherapy and radiation to a greater extent than other cancer cells
[295,296]. Pancreatic CSCs have been found to overexpress epithelial
cell adhesion molecules (EpCAM). These features of the pancreatic CSCs
have been used to design MT110, a bispecific antibody that is specific
for both EpCAM on the CSCs as well as the T cell-CD3 complexes on the
T cells. This immunotherapeutic technique causes the selective elim-
ination of the pancreatic CSCs by the T cells [291,297]. Transfer of
adoptive T cells and targeting of epigenetic regulators are some of the
future prospects that are being worked upon [291]. Vaccine therapies
against PDAC cells have been developed by using mucin-1 (MUC1),
carcinoembryonic antigen and products of the KRAS gene as TAAs.
Recently, TAAs over-expression in PDAC cells have been identified and
used in vaccine therapies. One such TAA that is currently being used
actively is mesothelin, effectively mediates CD8+ T cell response
[291,298,299].

4. Conclusion

Advances in the understanding of the different cancers at the mo-
lecular level have taken place enormously in the past few decades. The
first generation of EGFR inhibitors showed that biomarker-based lung
cancer therapy can result in an overall better patient outcome. Thus
knowing the factors that correlate tumor shrinkage and/or tumor sta-
bility will help make a decision about the remedies to be adopted in
future. Melanoma tumor antigen PRAME and glutathione-S-transferase
(GST) should be investigated in breast cancer as a potential therapeutic
target. Extensive research over the past decades on oral cancer research
has only improved the quality of life in oral cancer patients but there is
no significant advancement in the treatment. Successful oral cancer
awareness must be planned since the predominant cause of oral cancer
is smoking, alcohol consumption and chewing of betel quid with or
without tobacco or areca nut. With the elucidation of the molecular
basis of the disease, the pathways involved in the process are being
elucidated. Targeting the signaling molecules in order to block the
cascade has become a leading field for conducting future studies. The
associations between chromosomal rearrangement and mutagen-in-
duced mutations have been established but the precise mechanism of
gene recombination induced by radiation is still unknown and needs to
be uncovered. Mutational markers against a specific type of cancer have
already been in use, however, more research and advancement are
required in this field to develop accurate diagnostic processes.
Understanding the mutational processes of cancer can be useful for the
development of new targeted therapeutics against it. These targeted
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therapies should be capable of extending life duration and assuring a
good quality of life. Clinical trials are being conducted to decipher the
toxicities associated with the use of single therapeutic drug and the
combination of two or more drugs. Further research is needed to
identify specific biomarkers which can predict the treatment efficacy.
Recent studies proved that the more we understand the biology, the
more we realize there might be a combination of genotoxic and non-
genotoxic carcinogenesis at the level of initiation and promotion. We
cannot design and develop efficacious diagnostics and therapeutics, if
we do not understand the evolutionary sequence in time and space of
multiple cancer types.

Contributions

P. P. conceived and wrote the article and display items. S.C. con-
tributed to discussions of the content and writing of the article. P.P. and
A.K.M. researched the data for the article. P. P., S. C. and A. K. M.
reviewed and edited the article before submission.

Conflicts of interest

There are no conflicts of interest.

Acknowledgments

The authors thank Assam University, Silchar, Assam, India, for
providing the necessary facilities in carrying out this review work.

References

[1] S. Sharma, S. Javadekar, M. Pandey, M. Srivastava, R. Kumari, S. Raghavan,
Homology and enzymatic requirements of microhomology-dependent alternative
end joining, Cell Death Dis. 6 (2015) e1697.

[2] J. Chen, B.F. Miller, A.V. Furano, Repair of naturally occurring mismatches can
induce mutations in flanking DNA, Elife 3 (2014) e02001.

[3] K. Rodgers, M. McVey, Error‐prone repair of DNA double‐strand breaks, J. Cell.
Physiol. 231 (2016) 15–24.

[4] J. Cairns, J. Overbaugh, S. Miller, The origin of mutants, Nature 335 (1988)
142–145.

[5] S.A. Sawyer, J. Parsch, Z. Zhang, D.L. Hartl, Prevalence of positive selection
among nearly neutral amino acid replacements in Drosophila, Proc. Natl. Acad.
Sci. 104 (2007) 6504–6510.

[6] A. Eyre-Walker, P.D. Keightley, The distribution of fitness effects of new muta-
tions, Nat. Rev. Genet. 8 (2007) 610–618.

[7] W.J. Caspary, B. Myhr, Mutagenicity of methylisocyanate and its reaction products
to cultured mammalian cells, Mutat. Res. Lett. 174 (1986) 285–293.

[8] L.B. Alexandrov, S. Nik-Zainal, D.C. Wedge, S.A. Aparicio, S. Behjati, A.V. Biankin,
G.R. Bignell, N. Bolli, A. Borg, A.-L. Børresen-Dale, Signatures of mutational
processes in human cancer, Nature 500 (2013) 415–421.

[9] J. Peña-Diaz, S. Bregenhorn, M. Ghodgaonkar, C. Follonier, M. Artola-Borán,
D. Castor, M. Lopes, A.A. Sartori, J. Jiricny, Noncanonical mismatch repair as a
source of genomic instability in human cells, Mol. Cell 47 (2012) 669–680.

[10] M.R. Stratton, P.J. Campbell, P.A. Futreal, The cancer genome, Nature 458 (2009)
719–724.

[11] D. Temko, I.P. Tomlinson, S. Severini, B. Schuster-Böckler, T.A. Graham, The ef-
fects of mutational processes and selection on driver mutations across cancer
types, Nat. Commun. 9 (2018) 1857.

[12] R.J. Prestwich, F. Errington, P. Hatfield, A. Merrick, E.J. Ilett, P.J. Selby,
A.A. Melcher, The immune system—is it relevant to cancer development, pro-
gression and treatment? Clin. Oncol. 20 (2008) 101–112.

[13] K.E. De Visser, A. Eichten, L.M. Coussens, Paradoxical roles of the immune system
during cancer development, Nat. Rev. Cancer 6 (2006) 24.

[14] D.S. Vinay, E.P. Ryan, G. Pawelec, W.H. Talib, J. Stagg, E. Elkord, T. Lichtor,
W.K. Decker, R.L. Whelan, H.S. Kumara, Immune evasion in cancer: mechanistic
basis and therapeutic strategies, Semin. Cancer Biol. Elsevier (2015) S185–S198.

[15] M. Ehrlich, DNA hypomethylation in cancer cells, Epigenomics 1 (2009) 239–259.
[16] Wr. Rideout, G.A. Coetzee, A.F. Olumi, P.A. Jones, 5-Methylcytosine as an en-

dogenous mutagen in the human LDL receptor and p53 genes, Science 249 (1990)
1288–1290.

[17] T. Kouzarides, Chromatin modifications and their function, Cell 128 (2007)
693–705.

[18] F. Fuks, DNA methylation and histone modifications: teaming up to silence genes,
Curr. Opin. Genet. Dev. 15 (2005) 490–495.

[19] S.I. Grivennikov, F.R. Greten, M. Karin, Immunity, inflammation, and cancer, Cell
140 (2010) 883–899.

[20] C. de Martel, S. Franceschi, Infections and cancer: established associations and

new hypotheses, Crit. Rev. Oncol. Hematol. 70 (2009) 183–194.
[21] H. Kuper, H.O. Adami, D. Trichopoulos, Infections as a major preventable cause of

human cancer, J. Intern. Med. 248 (2000) 171–183.
[22] C.M. Ulrich, J. Bigler, J.D. Potter, Non-steroidal anti-inflammatory drugs for

cancer prevention: promise, perils and pharmacogenetics, Nat. Rev. Cancer 6
(2006) 130.

[23] S. Rakoff-Nahoum, Cancer Issue: Why cancer and inflammation? Yale J. Biol. Med.
79 (2006) 123.

[24] L.D. Engstrom, R.W. Tang, D.M. Briere, H. Chiang, P. Olson, J.G. Christensen,
Evaluation of the mechanism of MET-dependent cellular transformation and po-
tent cytoreductive activity of MGCD265 in novel MET exon 14 mutation positive
cancer models, AACR (2016).

[25] A.G. Knudson Jr, Genetics of human cancer, Annu. Rev. Genet. 20 (1986)
231–251.

[26] R. Peto, F. Roe, P. Lee, L. Levy, J. Clack, Cancer and ageing in mice and men, Br. J.
Cancer 32 (1975) 411.

[27] B. Padmanabhan, K.I. Tong, T. Ohta, Y. Nakamura, M. Scharlock, M. Ohtsuji, M.-
I. Kang, A. Kobayashi, S. Yokoyama, M. Yamamoto, Structural basis for defects of
Keap1 activity provoked by its point mutations in lung cancer, Mol. Cell 21 (2006)
689–700.

[28] P. Stephens, C. Hunter, G. Bignell, S. Edkins, H. Davies, J. Teague, C. Stevens,
S. O’meara, R. Smith, A. Parker, Lung cancer: intragenic ERBB2 kinase mutations
in tumours, Nature 431 (2004) 525–526.

[29] W. Pao, N. Girard, New driver mutations in non-small-cell lung cancer, Lancet
Oncol. 12 (2011) 175–180.

[30] C. Greenman, P. Stephens, R. Smith, G.L. Dalgliesh, C. Hunter, G. Bignell,
H. Davies, J. Teague, A. Butler, C. Stevens, Patterns of somatic mutation in human
cancer genomes, Nature 446 (2007) 153–158.

[31] T. Kobayashi, H. Tsuda, M. Noguchi, S. Hirohashi, Y. Shimosato, T. Goya,
Y. Hayata, Association of point mutation in c‐Ki‐ras oncogene in lung adeno-
carcinoma with particular reference to cytologic subtypes, Cancer 66 (1990)
289–294.

[32] S. Rodenhuis, R.J. Slebos, Clinical significance of ras oncogene activation in
human lung cancer, Cancer Res. 52 (1992) 2665s–2669s.

[33] K. Sugio, T. Ishida, H. Yokoyama, T. Inoue, K. Sugimachi, T. Sasazuki, Ras gene
mutations as a prognostic marker in adenocarcinoma of the human lung without
lymph node metastasis, Cancer Res. 52 (1992) 2903–2906.

[34] W.H. Westra, R.J. Slebos, G.J.A. Offerhaus, S.N. Goodman, S.G. Evers,
T.W. Kensler, F.B. Askin, S. Rodenhuis, R.H. Hruban, K‐ras oncogene activation in
lung adenocarcinomas from former smokers evidence that K‐ras mutations are an
early and irreversible event in the development of adenocarcinoma of the lung,
Cancer 72 (1993) 432–438.

[35] J. Nikliński, W. Niklińska, J. Laudanski, E. Chyczewska, L. Chyczewski, Prognostic
molecular markers in non-small cell lung cancer, Lung Cancer 34 (2001) S53–S58.

[36] P.P. Massion, D.P. Carbone, The molecular basis of lung cancer: molecular ab-
normalities and therapeutic implications, Respir. Res. 4 (2003) 12.

[37] T. Kosaka, Y. Yatabe, H. Endoh, H. Kuwano, T. Takahashi, T. Mitsudomi,
Mutations of the epidermal growth factor receptor gene in lung cancer, Cancer
Res. 64 (2004) 8919–8923.

[38] E.D. Pleasance, P.J. Stephens, S. O’meara, D.J. McBride, A. Meynert, D. Jones, M.-
L. Lin, D. Beare, K.W. Lau, C. Greenman, A small-cell lung cancer genome with
complex signatures of tobacco exposure, Nature 463 (2010) 184–190.

[39] C.-H. Yun, T.J. Boggon, Y. Li, M.S. Woo, H. Greulich, M. Meyerson, M.J. Eck,
Structures of lung cancer-derived EGFR mutants and inhibitor complexes: me-
chanism of activation and insights into differential inhibitor sensitivity, Cancer
Cell 11 (2007) 217–227.

[40] H. Greulich, T.-H. Chen, W. Feng, P.A. Jänne, J.V. Alvarez, M. Zappaterra,
S.E. Bulmer, D.A. Frank, W.C. Hahn, W.R. Sellers, Oncogenic transformation by
inhibitor-sensitive and-resistant EGFR mutants, PLoS Med. 2 (2005) e313.

[41] J. Jiang, H. Greulich, P.A. Jänne, W.R. Sellers, M. Meyerson, J.D. Griffin,
Epidermal growth factor–Independent transformation of Ba/F3 cells with cancer-
derived epidermal growth factor receptor mutants induces gefitinib-sensitive cell
cycle progression, Cancer Res. 65 (2005) 8968–8974.

[42] J.G. Paez, P.A. Jänne, J.C. Lee, S. Tracy, H. Greulich, S. Gabriel, P. Herman,
F.J. Kaye, N. Lindeman, T.J. Boggon, EGFR mutations in lung cancer: correlation
with clinical response to gefitinib therapy, Science 304 (2004) 1497–1500.

[43] T.J. Lynch, D.W. Bell, R. Sordella, S. Gurubhagavatula, R.A. Okimoto,
B.W. Brannigan, P.L. Harris, S.M. Haserlat, J.G. Supko, F.G. Haluska, Activating
mutations in the epidermal growth factor receptor underlying responsiveness of
non–small-cell lung cancer to gefitinib, N. Engl. J. Med. 350 (2004) 2129–2139.

[44] L.A. Loeb, Mutator phenotype may be required for multistage carcinogenesis,
Cancer Res. 51 (1991) 3075–3079.

[45] G. Chung, V. Sundaresan, P. Hasleton, R. Rudd, R. Taylor, P. Rabbitts, Sequential
molecular genetic changes in lung cancer development, Oncogene 11 (1995)
2591–2598.

[46] V. Sundaresan, A. Heppell-Parton, N. Coleman, M. Miozzo, G. Sozzi, R. Ball,
N. Cary, P. Hasleton, W. Fowler, P. Rabbitts, Somatic genetic changes in lung
cancer and precancerous lesions, Ann. Oncol. 6 (1995) S27–S32.

[47] D.A. Eberhard, B.E. Johnson, L.C. Amler, A.D. Goddard, S.L. Heldens, R.S. Herbst,
W.L. Ince, P.A. Jänne, T. Januario, D.H. Johnson, Mutations in the epidermal
growth factor receptor and in KRAS are predictive and prognostic indicators in
patients with non–small-cell lung cancer treated with chemotherapy alone and in
combination with erlotinib, J. Clin. Oncol. 23 (2005) 5900–5909.

[48] H.H. Nelson, D.C. Christiani, E.J. Mark, J.K. Wiencke, J.C. Wain, K.T. Kelsey,
Implications and prognostic value of K-ras mutation for early-stage lung cancer in
women, J. Natl. Cancer Inst. 91 (1999) 2032–2038.

P. Paul, et al. Mutation Research-Reviews in Mutation Research 781 (2019) 88–99

94

http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0005
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0005
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0005
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0010
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0010
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0015
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0015
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0020
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0020
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0025
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0025
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0025
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0030
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0030
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0035
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0035
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0040
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0040
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0040
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0045
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0045
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0045
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0050
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0050
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0055
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0055
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0055
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0060
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0060
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0060
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0065
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0065
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0070
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0070
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0070
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0075
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0080
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0080
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0080
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0085
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0085
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0090
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0090
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0095
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0095
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0100
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0100
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0105
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0105
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0110
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0110
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0110
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0115
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0115
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0125
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0125
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0130
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0130
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0135
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0135
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0135
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0135
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0140
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0140
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0140
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0145
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0145
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0150
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0150
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0150
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0160
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0160
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0165
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0165
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0165
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0175
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0175
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0180
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0180
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0185
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0185
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0185
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0190
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0190
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0190
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0195
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0195
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0195
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0195
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0200
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0200
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0200
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0205
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0205
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0205
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0205
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0210
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0210
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0210
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0215
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0215
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0215
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0215
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0220
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0220
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0225
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0225
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0225
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0230
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0230
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0230
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0235
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0235
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0235
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0235
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0235
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0240
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0240
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0240


[49] Z.A. Stewart, J.A. Pietenpol, p53 Signaling and cell cycle checkpoints, Chem. Res.
Toxicol. 14 (2001) 243–263.

[50] S. Keller, M. Vangel, S. Adak, H. Wagner, J. Schiller, A. Herskovic, R. Komaki,
M. Perry, R.S. Marks, R. Livingston, The influence of gender on survival and tumor
recurrence following adjuvant therapy of completely resected stages II and IIIa
non-small cell lung cancer, Lung cancer 37 (2002) 303–309.

[51] H. Suzuki, T. Takahashi, T. Kuroishi, M. Suyama, Y. Ariyoshi, T. Takahashi,
R. Ueda, p53 mutations in non-small cell lung cancer in Japan: association be-
tween mutations and smoking, Cancer Res. 52 (1992) 734–736.

[52] M.S. Brose, P. Volpe, M. Feldman, M. Kumar, I. Rishi, R. Gerrero, E. Einhorn,
M. Herlyn, J. Minna, A. Nicholson, BRAF and RAS mutations in human lung cancer
and melanoma, Cancer Res. 62 (2002) 6997–7000.

[53] J.D. Carpten, A.L. Faber, C. Horn, G.P. Donoho, S.L. Briggs, C.M. Robbins,
G. Hostetter, S. Boguslawski, T.Y. Moses, S. Savage, A transforming mutation in
the pleckstrin homology domain of AKT1 in cancer, Nature 448 (2007) 439–444.

[54] H. Davies, C. Hunter, R. Smith, P. Stephens, C. Greenman, G. Bignell, J. Teague,
A. Butler, S. Edkins, C. Stevens, Somatic mutations of the protein kinase gene
family in human lung cancer, Cancer Res. 65 (2005) 7591–7595.

[55] L.R. Howe, S.J. Leevers, N. Gómez, S. Nakielny, P. Cohen, C.J. Marshall, Activation
of the MAP kinase pathway by the protein kinase raf, Cell 71 (1992) 335–342.

[56] D. Ford, D. Easton, M. Stratton, S. Narod, D. Goldgar, P. Devilee, D. Bishop,
B. Weber, G. Lenoir, J. Chang-Claude, Genetic heterogeneity and penetrance
analysis of the BRCA1 and BRCA2 genes in breast cancer families, Am. J. Hum.
Genet. 62 (1998) 676–689.

[57] J.P. Struewing, P. Hartge, S. Wacholder, S.M. Baker, M. Berlin, M. McAdams,
M.M. Timmerman, L.C. Brody, M.A. Tucker, The risk of cancer associated with
specific mutations of BRCA1 and BRCA2 among Ashkenazi Jews, N. Engl. J. Med.
336 (1997) 1401–1408.

[58] D. Easton, D. Bishop, D. Ford, G. Crockford, Genetic linkage analysis in familial
breast and ovarian cancer: results from 214 families, Breast Cancer Link.
Consortium Am. J. Hum. Genet. 52 (1993) 678.

[59] L.A. Brinton, C. Schairer, R.N. Hoover, J.F. Fraumeni, Menstrual factors and risk of
breast cancer, Cancer Invest. 6 (1988) 245–254.

[60] W.J. Meijer, A.C. van Lindert, Prophylactic oophorectomy, Eur. J. Obstet. Gynecol.
Reprod. Biol. 47 (1992) 59–65.

[61] F. Parazzini, C. Braga, C. La Vecchia, E. Negri, S. Acerboni, S. Franceschi,
Hysterectomy, oophorectomy in premenopause, and risk of breast cancer, Obstet.
Gynecol. 90 (1997) 453–456.

[62] C. Schairer, I. Persson, M. Falkeborn, T. Naessen, R. Troisi, L.A. Brinton, Breast
cancer risk associated with gynecologic surgery and indications for such surgery,
Int. J. Cancer 70 (1997) 150–154.

[63] S. Gene, Breast and ovarian cancer susceptibility gene brca1, Science 266
(1994) 7.

[64] R. Wooster, G. Bignell, J. Lancaster, S. Swift, Identification of the breast cancer
susceptibility gene BRCA2, Nature 378 (1995) 789.

[65] H. Tulinius, V. Egilsson, G.H. Olafsdottir, H. Sigvaldason, Risk of prostate, ovarian,
and endometrial cancer among relatives of women with breast cancer, Bmj 305
(1992) 855–857.

[66] M. Schutte, L.T. Da Costa, S.A. Hahn, C. Moskaluk, A. Hoque, E. Rozenblum,
C.L. Weinstein, M. Bittner, P.S. Meltzer, J.M. Trent, Identification by representa-
tional difference analysis of a homozygous deletion in pancreatic carcinoma that
lies within the BRCA2 region, Proc. Natl. Acad. Sci. 92 (1995) 5950–5954.

[67] N. Loman, O. Johannsson, P.O. Bendahl, Å. Borg, M. Fernö, H. Olsson, Steroid
receptors in hereditary breast carcinomas associated with BRCA1 or BRCA2 mu-
tations or unknown susceptibility genes, Cancer 83 (1998) 310–319.

[68] O. Johannsson, I. Idvall, C. Anderson, Å. Borg, R. Barkardottir, V. Egilsson,
H. Olsson, Tumour biological features of BRCA1-induced breast and ovarian
cancer, Eur. J. Cancer 33 (1997) 362–371.

[69] S.E. Karp, P.N. Tonin, L.R. Bégin, J.J. Martinez, J.C. Zhang, M.N. Pollak,
W.D. Foulkes, Influence of BRCA1 mutations on nuclear grade and estrogen re-
ceptor status of breast carcinoma in Ashkenazi Jewish women, Cancer 80 (1997)
435–441.

[70] L. Verhoog, C. Brekelmans, C. Seynaeve, L. Van den Bosch, G. Dahmen, A. Van
Geel, M. Tilanus-Linthorst, C. Bartels, A. Wagner, A. van den Ouweland, Survival
and tumour characteristics of breast-cancer patients with germline mutations of
BRCA1, Lancet 351 (1998) 316–321.

[71] S. Jones, T.-L. Wang, I.-M. Shih, T.-L. Mao, K. Nakayama, R. Roden, R. Glas,
D. Slamon, L.A. Diaz, B. Vogelstein, Frequent mutations of chromatin remodeling
gene ARID1A in ovarian clear cell carcinoma, Science 330 (2010) 228–231.

[72] T. Sjöblom, S. Jones, L.D. Wood, D.W. Parsons, J. Lin, T.D. Barber, D. Mandelker,
R.J. Leary, J. Ptak, N. Silliman, The consensus coding sequences of human breast
and colorectal cancers, Science 314 (2006) 268–274.

[73] A. Kumar, T.A. White, A.P. MacKenzie, N. Clegg, C. Lee, R.F. Dumpit, I. Coleman,
S.B. Ng, S.J. Salipante, M.J. Rieder, Exome sequencing identifies a spectrum of
mutation frequencies in advanced and lethal prostate cancers, Proc. Natl. Acad.
Sci. 108 (2011) 17087–17092.

[74] D.W. Parsons, M. Li, X. Zhang, S. Jones, R.J. Leary, J.C.-H. Lin, S.M. Boca,
H. Carter, J. Samayoa, C. Bettegowda, The genetic landscape of the childhood
cancer medulloblastoma, Science 331 (2011) 435–439.

[75] M.F. Berger, M.S. Lawrence, F. Demichelis, Y. Drier, K. Cibulskis, A.Y. Sivachenko,
A. Sboner, R. Esgueva, D. Pflueger, C. Sougnez, The genomic complexity of pri-
mary human prostate cancer, Nature 470 (2011) 214–220.

[76] N. Stransky, A.M. Egloff, A.D. Tward, A.D. Kostic, K. Cibulskis, A. Sivachenko,
G.V. Kryukov, M.S. Lawrence, C. Sougnez, A. McKenna, The mutational landscape
of head and neck squamous cell carcinoma, Science 333 (2011) 1157–1160.

[77] S. Nik-Zainal, L.B. Alexandrov, D.C. Wedge, P. Van Loo, C.D. Greenman, K. Raine,

D. Jones, J. Hinton, J. Marshall, L.A. Stebbings, Mutational processes molding the
genomes of 21 breast cancers, Cell 149 (2012) 979–993.

[78] P.J. Stephens, P.S. Tarpey, H. Davies, P. Van Loo, C. Greenman, D.C. Wedge,
S. Nik-Zainal, S. Martin, I. Varela, G.R. Bignell, The landscape of cancer genes and
mutational processes in breast cancer, Nature 486 (2012) 400–404.

[79] M. Ehrlich, K.F. Norris, R.Y. Wang, K.C. Kuo, C.W. Gehrke, DNA cytosine me-
thylation and heat-induced deamination, Biosci. Rep. 6 (1986) 387–393.

[80] M.B. Burns, L. Lackey, M.A. Carpenter, A. Rathore, A.M. Land, B. Leonard,
E.W. Refsland, D. Kotandeniya, N. Tretyakova, J.B. Nikas, APOBEC3B is an en-
zymatic source of mutation in breast cancer, Nature 494 (2013) 366–370.

[81] K.E. Bachman, P. Argani, Y. Samuels, N. Silliman, J. Ptak, S. Szabo, H. Konishi,
B. Karakas, B.G. Blair, C. Lin, The PIK3CA gene is mutated with high frequency in
human breast cancers, Cancer Biol. Ther. 3 (2004) 772–775.

[82] J. Li, C. Yen, D. Liaw, K. Podsypanina, S. Bose, S.I. Wang, J. Puc, C. Miliaresis,
L. Rodgers, R. McCombie, PTEN, a putative protein tyrosine phosphatase gene
mutated in human brain, breast, and prostate cancer, Science 275 (1997)
1943–1947.

[83] H. Erkko, B. Xia, J. Nikkilä, J. Schleutker, K. Syrjäkoski, A. Mannermaa,
A. Kallioniemi, K. Pylkäs, S.-M. Karppinen, K. Rapakko, A recurrent mutation in
PALB2 in Finnish cancer families, Nature 446 (2007) 316–319.

[84] T. Walsh, S. Casadei, K.H. Coats, E. Swisher, S.M. Stray, J. Higgins, K.C. Roach,
J. Mandell, M.K. Lee, S. Ciernikova, Spectrum of mutations in BRCA1, BRCA2,
CHEK2, and TP53 in families at high risk of breast cancer, JAMA 295 (2006)
1379–1388.

[85] S. Seal, D. Thompson, A. Renwick, A. Elliott, P. Kelly, R. Barfoot, T. Chagtai,
H. Jayatilake, M. Ahmed, K. Spanova, Truncating mutations in the Fanconi anemia
J gene BRIP1 are low-penetrance breast cancer susceptibility alleles, Nat. Genet.
38 (2006) 1239–1241.

[86] K. Heikkinen, K. Rapakko, S.-M. Karppinen, H. Erkko, S. Knuutila, T. Lundán,
A. Mannermaa, A.-L. Børresen-Dale, Å. Borg, R.B. Barkardottir, RAD50 and NBS1
are breast cancer susceptibility genes associated with genomic instability,
Carcinogenesis 27 (2006) 1593–1599.

[87] V. Rivera-Varas, Breast Cancer Genes and Inheritance, North Dakota State
University, 1998.

[88] R.W. Crichlow, S.W. Galt, Male breast cancer, Surg. Clin. North Am. 70 (1990)
1165–1177.

[89] R. Dikshit, P.C. Gupta, C. Ramasundarahettige, V. Gajalakshmi, L. Aleksandrowicz,
R. Badwe, R. Kumar, S. Roy, W. Suraweera, F. Bray, Cancer mortality in India: a
nationally representative survey, Lancet 379 (2012) 1807–1816.

[90] S. Warnakulasuriya, Causes of oral cancer–an appraisal of controversies, Br. Dent.
J. 207 (2009) 471–475.

[91] W.H. Organization, I.W.G.o.t.E.o.C.R.t. Humans, I.A.f.R.o. Cancer, Betel-quid and
Areca-nut Chewing and Some Areca-nut-derived Nitrosamines, IARC, 2004.

[92] U. Nair, H. Bartsch, J. Nair, Alert for an epidemic of oral cancer due to use of the
betel quid substitutes gutkha and pan masala: a review of agents and causative
mechanisms, Mutagenesis 19 (2004) 251–262.

[93] J. Nair, U. Nair, H. Ohshima, S. Bhide, H. Bartsch, Endogenous nitrosation in the
oral cavity of chewers while chewing betel quid with or without tobacco, IARC Sci.
Publ. (1986) 465–469.

[94] N.S. Gadewal, S.M. Zingde, Database and interaction network of genes involved in
oral cancer: version II, Bioinformation 6 (2011) 169.

[95] S.K. Jurel, D.S. Gupta, R.D. Singh, M. Singh, S. Srivastava, Genes and oral cancer,
Indian J. Hum. Genet. 20 (2014) 4.

[96] H. Nawroz, P. Van Der Riet, R.H. Hruban, W. Koch, J.M. Ruppert, D. Sidransky,
Allelotype of head and neck squamous cell carcinoma, Cancer Res. 54 (1994)
1152–1155.

[97] K.W. Ah-See, T.G. Cooke, I.R. Pickford, D. Soutar, A. Balmain, An allelotype of
squamous carcinoma of the head and neck using microsatellite markers, Cancer
Res. 54 (1994) 1617–1621.

[98] D. Sidransky, Molecular genetics of head and neck cancer, Curr. Opin. Oncol. 7
(1995) 229–233.

[99] M.E. Christensen, M.H. Therkildsen, S.S. Poulsen, P. Bretlau, Immunoreactive
transforming growth factor alpha and epidermal growth factor in oral squamous
cell carcinomas, J. Pathol. 169 (1993) 323–328.

[100] R. Todd, M. Chou, K. Matossian, G. Gallagher, R. Donoff, D. Wong, Cellular sources
of transforming growth factor-alpha in human oral cancer, J. Dent. Res. 70 (1991)
917–923.

[101] W. Issing, T. Wustrow, W. Heppt, Oncogenes related to head and neck cancer,
Anticancer Res. 13 (1992) 2541–2551.

[102] W.-H. Lee, Tumor Suppressor Genes–the Hope, FASEB, 1993.
[103] J. Yokota, T. Sugimura, Multiple steps in carcinogenesis involving alterations of

multiple tumor suppressor genes, FASEB J. 7 (1993) 920–925.
[104] J.A. Brennan, J.O. Boyle, W.M. Koch, S.N. Goodman, R.H. Hruban, Y.J. Eby,

M.J. Couch, A.A. Forastiere, D. Sidransky, Association between cigarette smoking
and mutation of the p53 gene in squamous-cell carcinoma of the head and neck, N.
Engl. J. Med. 332 (1995) 712–717.

[105] P.J. Polverini, The pathophysiology of angiogenesis, Crit. Rev. Oral Biol. Med. 6
(1995) 230–247.

[106] M.S. Kim, S. Li, C. Bertolami, H. Cherrick, N. Park, State of p53, Rb and DCC tumor
suppressor genes in human oral cancer cell lines, Anticancer Res. 13 (1992)
1405–1413.

[107] J. Groden, A. Thliveris, W. Samowitz, M. Carlson, L. Gelbert, H. Albertsen,
G. Joslyn, J. Stevens, L. Spirio, M. Robertson, Identification and characterization
of the familial adenomatous polyposis coli gene, Cell 66 (1991) 589–600.

[108] J.S. Largey, S.J. Meltzer, J. Yin, K. Norris, J.J. Sauk, D.W. Archibald, Loss of
heterozygosity of p53 in oral cancers demonstrated by the polymerase chain

P. Paul, et al. Mutation Research-Reviews in Mutation Research 781 (2019) 88–99

95

http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0245
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0245
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0250
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0250
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0250
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0250
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0255
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0255
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0255
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0260
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0260
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0260
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0265
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0265
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0265
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0270
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0270
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0270
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0275
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0275
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0280
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0280
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0280
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0280
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0290
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0290
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0290
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0295
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0295
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0300
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0300
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0305
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0305
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0305
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0310
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0310
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0310
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0315
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0315
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0320
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0320
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0325
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0325
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0325
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0330
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0330
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0330
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0330
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0335
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0335
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0335
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0340
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0340
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0340
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0345
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0345
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0345
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0345
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0350
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0350
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0350
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0350
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0355
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0355
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0355
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0360
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0360
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0360
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0365
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0365
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0365
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0365
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0375
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0375
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0375
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0380
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0380
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0380
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0385
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0385
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0385
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0395
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0395
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0400
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0400
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0400
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0405
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0405
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0405
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0410
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0410
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0410
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0410
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0415
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0415
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0415
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0425
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0425
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0425
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0425
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0430
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0430
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0430
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0430
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0435
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0435
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0440
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0440
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0445
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0445
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0445
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0450
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0450
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0455
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0455
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0465
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0465
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0465
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0470
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0470
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0475
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0475
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0480
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0480
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0480
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0485
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0485
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0485
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0490
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0490
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0495
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0495
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0495
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0500
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0500
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0500
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0505
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0505
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0510
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0515
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0515
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0520
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0520
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0520
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0520
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0525
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0525
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0530
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0530
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0530
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0535
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0535
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0535
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0540
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0540


reaction, Cancer Philadelphia 71 (1993) 1933-1933.
[109] S.E. Benner, T.F. Pajak, S.M. Lippman, C. Earley, W.K. Hong, Prevention of second

primary tumors with isotretinoin in patients with squamous cell carcinoma of the
head and neck: long-term follow-up, J. Natl. Cancer Inst. 86 (1994) 140–141.

[110] A. Mahale, D. Saranath, Microsatellite alterations on chromosome 9 in chewing
tobacco-induced oral squamous cell carcinomas from India, Oral Oncol. 36 (2000)
199–206.

[111] S.-C. Lin, Y.-J. Chen, S.-Y. Kao, M.-T. Hsu, C.-H. Lin, S.-C. Yang, T.-Y. Liu, K.-
W. Chang, Chromosomal changes in betel-associated oral squamous cell carci-
nomas and their relationship to clinical parameters, Oral Oncol. 38 (2002)
266–273.

[112] C.-Y. Pai, L.-L. Hsieh, C.-W. Tsai, F.-S. Chiou, C.-H. Yang, B.-D. Hsu, Allelic al-
terations at the STR markers in the buccal tissue cells of oral cancer patients and
the oral epithelial cells of healthy betel quid-chewers: an evaluation of forensic
applicability, Forensic Sci. Int. 129 (2002) 158–167.

[113] S.-L. Chiang, P.-H. Chen, C.-H. Lee, A.M.-S. Ko, K.-W. Lee, Y.-C. Lin, P.-S. Ho, H.-
P. Tu, D.-C. Wu, T.-Y. Shieh, Up-regulation of inflammatory signalings by areca
nut extract and role of Cyclooxygenase-2− 1195G& A polymorphism reveal risk of
oral cancer, Cancer Res. 68 (2008) 8489–8498.

[114] I.P.T. of the International, C.G. Consortium, Mutational landscape of gingivo-
buccal oral squamous cell carcinoma reveals new recurrently-mutated genes and
molecular subgroups, Nat. Commun. 4 (2013).

[115] A. Jemal, F. Bray, M.M. Center, J. Ferlay, E. Ward, D. Forman, Global cancer
statistics, CA Cancer J. Clin. 61 (2011) 69–90.

[116] N. Howlader, A. Noone, M. Krapcho, N. Neyman, R. Aminou, S. Altekruse,
C. Kosary, J. Ruhl, Z. Tatalovich, H. Cho, SEER Cancer Statistics Review, 1975-
2009 (vintage 2009 Populations), National Cancer Institute, Bethesda, MD, 2012.

[117] R.A. DeLellis, Pathology and Genetics of Tumours of Endocrine Organs, IARC,
2004.

[118] M. Xing, Molecular pathogenesis and mechanisms of thyroid cancer, Nat. Rev.
Cancer 13 (2013) 184–199.

[119] M. Xing, BRAF mutation in thyroid cancer, Endocr. Relat. Cancer 12 (2005)
245–262.

[120] B. Suchy, V. Waldmann, S. Klugbauer, H. Rabes, Absence of RAS and p53 muta-
tions in thyroid carcinomas of children after Chernobyl in contrast to adult thyroid
tumours, Br. J. Cancer 77 (1998) 952.

[121] C. Fenton, J. Anderson, Y. Lukes, C.W. Dinauer, R. Tuttle, G. Francis, Ras muta-
tions are uncommon in sporadic thyroid cancer in children and young adults, J.
Endocrinol. Invest. 22 (1999) 781–789.

[122] Y.E. Nikiforov, M.N. Nikiforova, Molecular genetics and diagnosis of thyroid
cancer, Nat. Rev. Endocrinol. 7 (2011) 569–580.

[123] S. Yamashita, V. Saenko, Mechanisms of disease: molecular genetics of childhood
thyroid cancers, Nat. Clin. Pract. Endocrinol. Metab. 3 (2007) 422–429.

[124] J.A. Fagin, Minireview: branded from the start—distinct oncogenic initiating
events may determine tumor fate in the thyroid, Mol. Endocrinol. 16 (2002)
903–911.

[125] H.I. Saavedra, J.A. Knauf, J.M. Shirokawa, J. Wang, B. Ouyang, R. Elisei,
P.J. Stambrook, J.A. Fagin, The RAS oncogene induces genomic instability in
thyroid PCCL3 cells via the MAPK pathway, Oncogene 19 (2000) 3948.

[126] F. Basolo, F. Pisaturo, L.E. Pollina, G. Fontanini, R. Elisei, E. Molinaro, P. Iacconi,
P. Miccoli, F. Pacini, N-ras mutation in poorly differentiated thyroid carcinomas:
correlation with bone metastases and inverse correlation to thyroglobulin ex-
pression, Thyroid 10 (2000) 19–23.

[127] G. Garcia-Rostan, H. Zhao, R.L. Camp, M. Pollan, A. Herrero, J. Pardo, R. Wu,
M.L. Carcangiu, J. Costa, G. Tallini, Ras mutations are associated with aggressive
tumor phenotypes and poor prognosis in thyroid cancer, J. Clin. Oncol. 21 (2003)
3226–3235.

[128] Y.E. Nikiforov, J.M. Rowland, K.E. Bove, H. Monforte-Munoz, J.A. Fagin, Distinct
pattern of ret oncogene rearrangements in morphological variants of radiation-
induced and sporadic thyroid papillary carcinomas in children, Cancer Res. 57
(1997) 1690–1694.

[129] T. Nakazawa, T. Kondo, Y. Kobayashi, N. Takamura, Si. Murata, K. Kameyama,
A. Muramatsu, K. Ito, M. Kobayashi, R. Katoh, RET gene rearrangements (RET/
PTC1 and RET/PTC3) in papillary thyroid carcinomas from an iodine‐rich country
(Japan), Cancer 104 (2005) 943–951.

[130] F. Basolo, R. Giannini, C. Monaco, R.M. Melillo, F. Carlomagno, M. Pancrazi,
G. Salvatore, G. Chiappetta, F. Pacini, R. Elisei, Potent mitogenicity of the RET/
PTC3 oncogene correlates with its prevalence in tall-cell variant of papillary
thyroid carcinoma, Am. J. Pathol. 160 (2002) 247–254.

[131] D.J. Powell, J. Russell, K.-i. Nibu, G. Li, E. Rhee, M. Liao, M. Goldstein,
W.M. Keane, M. Santoro, A. Fusco, The RET/PTC3 oncogene: metastatic solid-type
papillary carcinomas in murine thyroids, Cancer Res. 58 (1998) 5523–5528.

[132] S. Jhiang, J. Sagartz, Q. Tong, J. Parker-Thornburg, C. Capen, J.Y. Cho, S. Xing,
C. Ledent, Targeted expression of the ret/PTC1 oncogene induces papillary thyroid
carcinomas, Endocrinology 137 (1996) 375–378.

[133] R. Ciampi, J.A. Knauf, R. Kerler, M. Gandhi, Z. Zhu, M.N. Nikiforova, H.M. Rabes,
J.A. Fagin, Y.E. Nikiforov, Oncogenic AKAP9-BRAF fusion is a novel mechanism of
MAPK pathway activation in thyroid cancer, J. Clin. Invest. 115 (2005) 94–101.

[134] B. Collins, G. Chiappetta, A. Schneider, M. Santoro, F. Pentimalli, L. Fogelfeld,
T. Gierlowski, E. Shore-Freedman, G. Jaffe, A. Fusco, RET expression in papillary
thyroid cancer from patients irradiated in childhood for benign conditions, J. Clin.
Endocrinol. Metab. 87 (2002) 3941–3946.

[135] J.G. Powell, X. Wang, B.L. Allard, M. Sahin, X.-L. Wang, I.D. Hay, H.J. Hiddinga,
S.S. Deshpande, T.G. Kroll, S.K. Grebe, The PAX8/PPARγ fusion oncoprotein
transforms immortalized human thyrocytes through a mechanism probably in-
volving wild-type PPARγ inhibition, Oncogene 23 (2004) 3634–3641.

[136] P. Castro, L. Roque, J. Magalhães, M. Sobrinho-Simões, A subset of the follicular
variant of papillary thyroid carcinoma harbors the PAX8-PPARγ translocation, Int.
J. Surg. Pathol. 13 (2005) 235–238.

[137] A.R. Marques, C. Espadinha, A.L. Catarino, S. Moniz, T. Pereira, L.G. Sobrinho,
V. Leite, Expression of PAX8-PPARγ1 rearrangements in both follicular thyroid
carcinomas and adenomas, J. Clin. Endocrinol. Metab. 87 (2002) 3947–3952.

[138] J.L. Meinkoth, Biology of Ras in thyroid cells, Mol. Basis Thyroid Cancer (2005)
131–148 Springer.

[139] M.N. Nikiforova, R.A. Lynch, P.W. Biddinger, E.K. Alexander, G.W. Dorn,
G. Tallini, T.G. Kroll, Y.E. Nikiforov, RAS point mutations and PAX8-PPARγ re-
arrangement in thyroid tumors: evidence for distinct molecular pathways in
thyroid follicular carcinoma, J. Clin. Endocrinol. Metab. 88 (2003) 2318–2326.

[140] T.G. Kroll, P. Sarraf, L. Pecciarini, C.-J. Chen, E. Mueller, B.M. Spiegelman,
J.A. Fletcher, PAX8-PPARγ1 fusion in oncogene human thyroid carcinoma,
Science 289 (2000) 1357–1360.

[141] C.A. French, E.K. Alexander, E.S. Cibas, V. Nose, J. Laguette, W. Faquin, J. Garber,
F. Moore, J.A. Fletcher, P.R. Larsen, Genetic and biological subgroups of low-stage
follicular thyroid cancer, Am. J. Pathol. 162 (2003) 1053–1060.

[142] T. Dwight, S.R. Thoppe, T. Foukakis, W.O. Lui, Gr. Wallin, A. Höög, T. Frisk,
C. Larsson, J. Zedenius, Involvement of the PAX8/peroxisome proliferator-acti-
vated receptor γ rearrangement in follicular thyroid tumors, J. Clin. Endocrinol.
Metab. 88 (2003) 4440–4445.

[143] V. Maximo, T. Botelho, J. Capela, P. Soares, J. Lima, A. Taveira, T. Amaro,
A. Barbosa, A. Preto, H. Harach, Somatic and germline mutation in GRIM-19, a
dual function gene involved in mitochondrial metabolism and cell death, is linked
to mitochondrion-rich (Hürthle cell) tumours of the thyroid, Br. J. Cancer 92
(2005) 1892–1898.

[144] P.B. Musholt, T.J. Musholt, S.C. Morgenstern, K. Worm, S.-Y. Sheu, K.W. Schmid,
Follicular histotypes of oncocytic thyroid carcinomas do not carry mutations of the
BRAF hot-spot, World J. Surg. 32 (2008) 722–728.

[145] W.E. Corver, D. Ruano, K. Weijers, W.C. Den Hartog, M.P. Van Nieuwenhuizen,
N. de Miranda, R. van Eijk, A. Middeldorp, E.S. Jordanova, J. Oosting, Genome
haploidisation with chromosome 7 retention in oncocytic follicular thyroid car-
cinoma, PLoS One 7 (2012) e38287.

[146] G. Garcia-Rostan, G. Tallini, A. Herrero, G. Thomas, M.L. Carcangiu, D.L. Rimm,
Frequent mutation and nuclear localization of β-catenin in anaplastic thyroid
carcinoma, Cancer Res. 59 (1999) 1811–1815.

[147] G. Garcia-Rostan, R.L. Camp, A. Herrero, M.L. Carcangiu, D.L. Rimm, G. Tallini, β-
catenin dysregulation in thyroid neoplasms: down-regulation, aberrant nuclear
expression, and CTNNB1 exon 3 mutations are markers for aggressive tumor
phenotypes and poor prognosis, Am. J. Pathol. 158 (2001) 987–996.

[148] J.A. Fagin, K. Matsuo, A. Karmakar, D.L. Chen, S.-h. Tang, H.P. Koeffler, High
prevalence of mutations of the p53 gene in poorly differentiated human thyroid
carcinomas, J. Clin. Invest. 91 (1993) 179.

[149] R. Donghi, A. Longoni, S. Pilotti, P. Michieli, G. Della Porta, M.A. Pierotti, Gene
p53 mutations are restricted to poorly differentiated and undifferentiated carci-
nomas of the thyroid gland, J. Clin. Invest. 91 (1993) 1753.

[150] A.K. Murugan, E. Bojdani, M. Xing, Identification and functional characterization
of isocitrate dehydrogenase 1 (IDH1) mutations in thyroid cancer, Biochem.
Biophys. Res. Commun. 393 (2010) 555–559.

[151] J.P. Hemerly, A.U. Bastos, J.M. Cerutti, Identification of several novel non-p. R132
IDH1 variants in thyroid carcinomas, Eur. J. Endocrinol. 163 (2010) 747–755.

[152] A.K. Murugan, M. Xing, Anaplastic thyroid cancers harbor novel oncogenic mu-
tations of the ALK gene, Cancer Res. 71 (2011) 4403–4411.

[153] A.K. Murugan, J. Dong, J. Xie, M. Xing, Uncommon GNAQ, MMP8, AKT3, EGFR,
and PIK3R1 mutations in thyroid cancers, Endocr. Pathol. 22 (2011) 97–102.

[154] M.B. Piazuelo, P. Correa, Cáncer gástrico: punto de vista, Colomb. Med. 44 (2013)
192–202.

[155] M.H. McLean, E.M. El-Omar, Genetics of gastric cancer, Nat. Rev. Gastroenterol.
Hepatol. 11 (2014) 664–674.

[156] R.C. Fitzgerald, R. Hardwick, D. Huntsman, F. Carneiro, P. Guilford, V. Blair,
D.C. Chung, J. Norton, K. Ragunath, J.H. Van Krieken, Hereditary diffuse gastric
cancer: updated consensus guidelines for clinical management and directions for
future research, J. Med. Genet. 47 (2010) 436–444.

[157] F. Carneiro, Hereditary gastric cancer, Pathologe 33 (2012) 231–234.
[158] C. Oliveira, H. Pinheiro, J. Figueiredo, R. Seruca, F. Carneiro, E-cadherin altera-

tions in hereditary disorders with emphasis on hereditary diffuse gastric cancer,
Prog. Mol. Biol. Transl. Sci. 116 (2013) 337–359.

[159] A. Zaky, C. Busso, T. Izumi, R. Chattopadhyay, A. Bassiouny, S. Mitra, K.K. Bhakat,
Regulation of the human AP-endonuclease (APE1/Ref-1) expression by the tumor
suppressor p53 in response to DNA damage, Nucleic Acids Res. 36 (2008)
1555–1566.

[160] H. Yamamoto, K. Imai, M. Perucho, Gastrointestinal cancer of the microsatellite
mutator phenotype pathway, J. Gastroenterol. 37 (2002) 153–163.

[161] L. Ottini, M. Falchetti, R. Lupi, P. Rizzolo, V. Agnese, G. Colucci, V. Bazan,
A. Russo, Patterns of genomic instability in gastric cancer: clinical implications
and perspectives, Ann. Oncol. 17 (2006) vii97–vii102.

[162] M. Falchetti, C. Saieva, R. Lupi, G. Masala, P. Rizzolo, I. Zanna, K. Ceccarelli,
F. Sera, R. Mariani-Costantini, G. Nesi, Gastric cancer with high-level micro-
satellite instability: target gene mutations, clinicopathologic features, and long-
term survival, Hum. Pathol. 39 (2008) 925–932.

[163] H. Yamamoto, J. Perez–Piteira, T. Yoshida, M. Terada, F. Itoh, K. Imai,
M. Perucho, Gastric cancers of the microsatellite mutator phenotype display
characteristic genetic and clinical features, Gastroenterology 116 (1999)
1348–1357.

[164] M.S. Wu, C.W. Lee, C.T. Shun, H.P. Wang, W.J. Lee, M.C. Chang, J.C. Sheu,

P. Paul, et al. Mutation Research-Reviews in Mutation Research 781 (2019) 88–99

96

http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0540
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0545
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0545
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0545
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0550
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0550
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0550
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0555
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0555
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0555
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0555
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0560
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0560
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0560
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0560
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0565
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0565
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0565
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0565
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0570
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0570
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0570
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0575
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0575
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0580
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0580
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0580
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0585
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0585
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0590
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0590
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0595
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0595
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0600
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0600
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0600
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0605
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0605
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0605
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0610
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0610
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0615
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0615
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0620
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0620
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0620
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0625
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0625
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0625
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0630
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0630
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0630
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0630
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0635
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0635
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0635
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0635
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0640
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0640
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0640
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0640
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0645
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0645
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0645
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0645
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0650
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0650
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0650
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0650
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0655
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0655
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0655
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0660
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0660
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0660
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0665
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0665
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0665
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0670
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0670
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0670
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0670
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0675
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0675
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0675
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0675
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0680
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0680
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0680
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0685
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0685
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0685
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0690
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0690
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0695
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0695
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0695
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0695
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0700
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0700
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0700
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0705
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0705
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0705
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0710
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0710
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0710
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0710
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0715
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0715
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0715
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0715
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0715
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0720
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0720
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0720
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0725
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0725
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0725
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0725
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0730
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0730
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0730
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0735
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0735
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0735
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0735
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0740
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0740
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0740
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0745
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0745
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0745
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0750
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0750
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0750
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0755
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0755
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0760
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0760
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0765
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0765
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0770
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0770
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0775
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0775
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0780
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0780
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0780
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0780
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0785
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0790
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0790
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0790
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0795
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0795
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0795
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0795
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0800
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0800
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0805
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0805
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0805
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0810
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0810
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0810
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0810
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0815
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0815
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0815
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0815
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0820


J.T. Lin, Distinct clinicopathologic and genetic profiles in sporadic gastric cancer
with different mutator phenotypes, Genes Chromosomes Cancer 27 (2000)
403–411.

[165] C. Lengauer, K.W. Kinzler, B. Vogelstein, Genetic instabilities in human cancers,
Nature 396 (1998) 643–649.

[166] S. Knuutila, A.-M. Björkqvist, K. Autio, M. Tarkkanen, M. Wolf, O. Monni,
J. Szymanska, M.L. Larramendy, J. Tapper, H. Pere, DNA copy number amplifi-
cations in human neoplasms: review of comparative genomic hybridization stu-
dies, Am. J. Pathol. 152 (1998) 1107.

[167] M.S. Wu, M.C. Chang, S.P. Huang, C.C. Tseng, J.C. Sheu, Y.W. Lin, C.T. Shun,
M.T. Lin, J.T. Lin, Correlation of histologic subtypes and replication error phe-
notype with comparative genomic hybridization in gastric cancer, Genes,
Chromosomes Cancer 30 (2001) 80–86.

[168] K.-M. Kim, M.-S. Kwon, S.-J. Hong, K.-O. Min, E.-J. Seo, K.-Y. Lee, S.-W. Choi, M.-
G. Rhyu, Genetic classification of intestinal-type and diffuse-type gastric cancers
based on chromosomal loss and microsatellite instability, Virchows Arch. 443
(2003) 491–500.

[169] K. Suzuki, S. Ohnami, C. Tanabe, H. Sasaki, J. Yasuda, H. Katai, K. Yoshimura,
M. Terada, M. Perucho, T. Yoshida, The genomic damage estimated by arbitrarily
primed PCR DNA fingerprinting is useful for the prognosis of gastric cancer,
Gastroenterology 125 (2003) 1330–1340.

[170] M.M. Weiss, E.J. Kuipers, C. Postma, A.M. Snijders, D. Pinkel, S.G. Meuwissen,
D. Albertson, G.A. Meijer, Genomic alterations in primary gastric adenocarci-
nomas correlate with clinicopathological characteristics and survival, Anal. Cell.
Pathol. 26 (2004) 307–317.

[171] Y. Tsukamoto, T. Uchida, S. Karnan, T. Noguchi, L. Nguyen, M. Tanigawa,
I. Takeuchi, K. Matsuura, N. Hijiya, C. Nakada, Genome‐wide analysis of DNA
copy number alterations and gene expression in gastric cancer, J. Pathol. 216
(2008) 471–482.

[172] N. Tomioka, K. Morita, N. Kobayashi, M. Tada, T. Itoh, S. Saitoh, M. Kondo,
N. Takahashi, A. Kataoka, K. Nakanishi, Array comparative genomic hybridization
analysis revealed four genomic prognostic biomarkers for primary gastric cancers,
Cancer Genet. Cytogenet. 201 (2010) 6–14.

[173] H.I. Grabsch, P. Tan, Gastric cancer pathology and underlying molecular me-
chanisms, Dig. Surg. 30 (2013) 150–158.

[174] J. Tao, N.T. Deng, K. Ramnarayanan, B. Huang, H.K. Oh, S.H. Leong, S.S. Lim,
I.B. Tan, C.H. Ooi, J. Wu, CD44-SLC1A2 gene fusions in gastric cancer, Sci. Transl.
Med. 3 (2011) 77ra30-77ra30.

[175] J. Lee, S.E. Lee, S.Y. Kang, I.G. Do, S. Lee, S.Y. Ha, J. Cho, W.K. Kang, J. Jang,
S.H.I. Ou, Identification of ROS1 rearrangement in gastric adenocarcinoma,
Cancer 119 (2013) 1627–1635.

[176] V.O. Melnikova, H.N. Ananthaswamy, Cellular and molecular events leading to
the development of skin cancer, Mutat. Res. Mol. Mech. Mutagen. 571 (2005)
91–106.

[177] E. Breitbart, R. Greinert, B. Volkmer, Effectiveness of information campaigns,
Prog. Biophys. Mol. Biol. 92 (2006) 167–172.

[178] B. Berne, J. Ponten, F. Ponten, Decreased p53 expression in chronically su-
n‐exposed human skin after topical photoprotection, photodermatology,
Photoimmunol. Photomed. 14 (1998) 148–153.

[179] A. Ziegler, A.S. Jonason, D.J. Leffell, J.A. Simon, Sunburn and p53 in the onset of
skin cancer, Nature 372 (1994) 773.

[180] D.E. Brash, J.A. Rudolph, J.A. Simon, A. Lin, G.J. McKenna, H.P. Baden,
A.J. Halperin, J. Ponten, A role for sunlight in skin cancer: UV-induced p53 mu-
tations in squamous cell carcinoma, Proc. Natl. Acad. Sci. 88 (1991)
10124–10128.

[181] W.E. Pierceall, T. Mukhopadhyay, L.H. Goldberg, H.N. Ananthaswamy, Mutations
in the p53 tumor suppressor gene in human cutaneous squamous cell carcinomas,
Mol. Carcinog. 4 (1991) 445–449.

[182] K.D. Somers, M.A. Merrick, M.E. Lopez, L.S. Incognito, G.L. Schechter, G. Casey,
Frequent p53 mutations in head and neck cancer, Cancer Res. 52 (1992)
5997–6000.

[183] M. Hussein, A. Haemel, G. Wood, p53-related pathways and the molecular pa-
thogenesis of melanoma, Eur. J. Cancer Prev. 12 (2003) 93–100.

[184] M.R.A.-E. Hussein, G.S. Wood, Molecular aspects of melanocytic dysplastic nevi, J.
Mol. Diagn. 4 (2002) 71–80.

[185] J.L. Bos, Ras oncogenes in human cancer: a review, Cancer Res. 49 (1989)
4682–4689.

[186] H.N. Ananthaswamy, W.E. Pierceall, Molecular mechanisms of ultraviolet radia-
tion carcinogenesis, Photochem. Photobiol. 52 (1990) 1119–1136.

[187] W.E. Pierceall, L.H. Goldberg, M.A. Tainsky, T. Mukhopadhyay,
H.N. Ananthaswamy, Ras gene mutation and amplification in human non-
melanoma skin cancers, Mol. Carcinog. 4 (1991) 196–202.

[188] L.E. Sparrow, M.J. Eldon, D.R. English, P.J. Heenan, p16 and p21WAF1 protein
expression in melanocytic tumors by immunohistochemistry, Am. J.
Dermatopathol. 20 (1998) 255–261.

[189] A. Hodges, B.R. Smoller, Immunohistochemical comparison of p16 expression in
actinic keratoses and squamous cell carcinomas of the skin, Mod. Pathol. 15
(2002) 1121–1125.

[190] H.-R. Shin, K.-W. Jung, Y.-J. Won, H.-J. Kong, S.-H. Yim, J. Sung, S.-W. Seo, K.-
Y. Kim, S.-Y. Lee, I.-S. Kong, National cancer incidence for the year 2002 in Korea,
Cancer Res. Treat. 39 (2007) 139–149.

[191] K.H. Kraemer, D.D. Levy, C.N. Parris, E.M. Gozukara, S. Moriwaki, S. Adelberg,
M.M. Seidman, Xeroderma pigmentosum and related disorders: examining the
linkage between defective DNA repair and cancer, J. Invest. Dermatol. 103 (1994).

[192] F.C. Tsz-fung, M. Mankaruos, A. Scorilas, Y. Youssef, A. Girgis, S. Mossad,
S. Metias, Y. Rofael, R.J. Honey, R. Stewart, The miR-17-92 cluster is over

expressed in and has an oncogenic effect on renal cell carcinoma, J. Urol. 183
(2010) 743–751.

[193] F. Gottardo, C.G. Liu, M. Ferracin, G.A. Calin, M. Fassan, P. Bassi, C. Sevignani,
D. Byrne, M. Negrini, F. Pagano, Micro-RNA profiling in kidney and bladder
cancers, Urol. Oncol. Semin. Orig. Investig. (2007) 387–392 Elsevier.

[194] M. Hildebrandt, J. Gu, J. Lin, Y. Ye, W. Tan, P. Tamboli, C. Wood, X. Wu, Hsa-miR-
9 methylation status is associated with cancer development and metastatic re-
currence in patients with clear cell renal cell carcinoma, Oncogene 29 (2010)
5724–5728.

[195] Y. Horikawa, C.G. Wood, H. Yang, H. Zhao, Y. Ye, J. Gu, J. Lin, T. Habuchi, X. Wu,
Single nucleotide polymorphisms of microRNA machinery genes modify the risk of
renal cell carcinoma, Clin. Cancer Res. 14 (2008) 7956–7962.

[196] Y. Huang, Y. Dai, J. Yang, T. Chen, Y. Yin, M. Tang, C. Hu, L. Zhang, Microarray
analysis of microRNA expression in renal clear cell carcinoma, Eur. J. Surg. Oncol.
(EJSO) 35 (2009) 1119–1123.

[197] D. Juan, G. Alexe, T. Antes, H. Liu, A. Madabhushi, C. Delisi, S. Ganesan,
G. Bhanot, L.S. Liou, Identification of a microRNA panel for clear-cell kidney
cancer, Urology 75 (2010) 835–841.

[198] C. Nakada, K. Matsuura, Y. Tsukamoto, M. Tanigawa, T. Yoshimoto, T. Narimatsu,
L. Nguyen, N. Hijiya, T. Uchida, F. Sato, Genome‐wide microRNA expression
profiling in renal cell carcinoma: significant down‐regulation of miR‐141 and
miR‐200c, J. Pathol. 216 (2008) 418–427.

[199] D. Petillo, E.J. Kort, J. Anema, K.A. Furge, X.J. Yang, B.T. Teh, MicroRNA profiling
of human kidney cancer subtypes, Int. J. Oncol. 35 (2009) 109.

[200] L. Weng, X. Wu, H. Gao, B. Mu, X. Li, J.H. Wang, C. Guo, J.M. Jin, Z. Chen,
M. Covarrubias, MicroRNA profiling of clear cell renal cell carcinoma by
whole‐genome small RNA deep sequencing of paired frozen and formalin‐fixed,
paraffin‐embedded tissue specimens, J. Pathol. 222 (2010) 41–51.

[201] W.Y. Kim, W.G. Kaelin, Role of VHL gene mutation in human cancer, J. Clin.
Oncol. 22 (2004) 4991–5004.

[202] W.M. Linehan, B. Zbar, Focus on kidney cancer, Cancer Cell 6 (2004) 223–228.
[203] W.M. Linehan, J. Vasselli, R. Srinivasan, M.M. Walther, M. Merino, P. Choyke,

C. Vocke, L. Schmidt, J.S. Isaacs, G. Glenn, Genetic basis of cancer of the kidney,
Clin. Cancer Res. 10 (2004) 6282S–6289S.

[204] J. Ferlay, H.R. Shin, F. Bray, D. Forman, C. Mathers, D.M. Parkin, Estimates of
worldwide burden of cancer in 2008: GLOBOCAN 2008, Int. J. Cancer 127 (2010)
2893–2917.

[205] W.M. Linehan, P.A. Pinto, R. Srinivasan, M. Merino, P. Choyke, L. Choyke,
J. Coleman, J. Toro, G. Glenn, C. Vocke, Identification of the genes for kidney
cancer: opportunity for disease-specific targeted therapeutics, Clin. Cancer Res. 13
(2007) 671s–679s.

[206] B. Zbar, R. Klausner, W.M. Linehan, Studying cancer families to identify kidney
cancer genes, Annu. Rev. Med. 54 (2003) 217–233.

[207] C.D. Poston, G.S. Jaffe, I.A. Lubensky, D. Solomon, B. Zbar, W.M. Linehan,
M.M. Walther, Characterization of the renal pathology of a familial form of renal
cell carcinoma associated with von Hippel-Lindau disease: clinical and molecular
genetic implications, J. Urol. 153 (1995) 22–26.

[208] C. Stolle, G. Glenn, B. Zbar, J.S. Humphrey, P. Choyke, M. Walther, S. Pack,
K. Hurley, C. Andrey, R. Klausner, Improved detection of germline mutations in
the von Hippel-Lindau disease tumor suppressor gene, Hum. Mutat. 12 (1998)
417.

[209] B. Zbar, K. Tory, M. Merino, L. Schmidt, G. Glenn, P. Choyke, M. Walther,
M. Lerman, W. Linehan, Hereditary papillary renal cell carcinoma, J. Urol. 151
(1994) 561–566.

[210] I.A. Lubensky, L. Schmidt, Z. Zhuang, G. Weirich, S. Pack, N. Zambrano,
M.M. Walther, P. Choyke, W.M. Linehan, B. Zbar, Hereditary and sporadic pa-
pillary renal carcinomas with c-met mutations share a distinct morphological
phenotype, Am. J. Pathol. 155 (1999) 517–526.

[211] L. Schmidt, K. Junker, G. Weirich, G. Glenn, P. Choyke, I. Lubensky, Z. Zhuang,
M. Jeffers, G.V. Woude, H. Neumann, Two North American families with her-
editary papillary renal carcinoma and identical novel mutations in the MET proto-
oncogene, Cancer Res. 58 (1998) 1719–1722.

[212] L. Schmidt, K. Junker, N. Nakaigawa, T. Kinjerski, G. Weirich, M. Miller,
I. Lubensky, H.P. Neumann, H. Brauch, J. Decker, Novel mutations of the MET
proto-oncogene in papillary renal carcinomas, Oncogene 18 (1999) 2343–2350.

[213] A.R. Birt, G.R. Hogg, W.J. Dubé, Hereditary multiple fibrofolliculomas with tri-
chodiscomas and acrochordons, Arch. Dermatol. 113 (1977) 1674–1677.

[214] J.R. Toro, G. Glenn, P. Duray, T. Darling, G. Weirich, B. Zbar, M. Linehan,
M.L. Turner, Birt-Hogg-Dube syndrome: a novel marker of kidney neoplasia, Arch.
Dermatol. 135 (1999) 1195–1202.

[215] V. Launonen, O. Vierimaa, M. Kiuru, J. Isola, S. Roth, E. Pukkala, P. Sistonen,
R. Herva, L.A. Aaltonen, Inherited susceptibility to uterine leiomyomas and renal
cell cancer, Proc. Natl. Acad. Sci. 98 (2001) 3387–3392.

[216] K.M. Murphy, K.A. Brune, C. Griffin, J.E. Sollenberger, G.M. Petersen, R. Bansal,
R.H. Hruban, S.E. Kern, Evaluation of candidate genes MAP2K4, MADH4,
ACVR1B, and BRCA2 in familial pancreatic cancer, Cancer Res. 62 (2002)
3789–3793.

[217] H.T. Lynch, T. Smyrk, S.E. Kern, R.H. Hruban, C.J. Lightdale, S.J. Lemon,
J.F. Lynch, L.R. Fusaro, R.M. Fusaro, P. Ghadirian, Familial pancreatic cancer: a
review, Semin. Oncol. (1996) 251–275.

[218] R.H. Hruban, G.M. Petersen, P. Ha, S.E. Kern, Genetics of pancreatic cancer, Surg.
Oncol. Clin. N. Am. 7 (1998) 1–23.

[219] D. Silverman, M. Schiffman, J. Everhart, A. Goldstein, K. Lillemoe, G. Swanson,
A. Schwartz, L. Brown, R. Greenberg, J. Schoenberg, Diabetes mellitus, other
medical conditions and familial history of cancer as risk factors for pancreatic
cancer, Br. J. Cancer 80 (1999) 1830.

P. Paul, et al. Mutation Research-Reviews in Mutation Research 781 (2019) 88–99

97

http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0820
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0820
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0820
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0825
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0825
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0830
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0830
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0830
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0830
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0835
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0835
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0835
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0835
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0840
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0840
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0840
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0840
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0845
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0845
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0845
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0845
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0850
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0850
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0850
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0850
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0855
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0855
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0855
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0855
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0860
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0860
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0860
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0860
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0865
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0865
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0870
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0870
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0870
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0875
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0875
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0875
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0880
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0880
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0880
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0885
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0885
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0890
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0890
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0890
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0895
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0895
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0900
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0900
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0900
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0900
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0905
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0905
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0905
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0910
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0910
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0910
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0915
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0915
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0920
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0920
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0925
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0925
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0930
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0930
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0935
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0935
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0935
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0940
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0940
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0940
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0945
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0945
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0945
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0950
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0950
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0950
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0955
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0955
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0955
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0960
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0960
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0960
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0960
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0965
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0965
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0965
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0970
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0970
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0970
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0970
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0975
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0975
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0975
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0980
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0980
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0980
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0985
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0985
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0985
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0990
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0990
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0990
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0990
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0995
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref0995
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1000
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1000
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1000
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1000
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1005
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1005
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1010
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1015
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1015
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1015
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1020
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1020
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1020
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1025
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1025
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1025
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1025
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1030
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1030
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1035
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1035
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1035
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1035
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1040
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1040
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1040
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1040
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1045
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1045
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1045
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1050
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1050
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1050
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1050
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1055
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1055
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1055
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1055
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1060
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1060
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1060
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1065
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1065
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1070
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1070
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1070
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1075
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1075
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1075
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1080
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1080
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1080
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1080
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1085
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1085
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1085
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1090
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1090
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1095
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1095
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1095
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1095


[220] P. Ghadirian, A. Simard, J. Baillargeon, Tobacco, alcohol, and coffee and cancer of
the pancreas. A population‐based, case‐control study in Quebec, Canada, Cancer
67 (1991) 2664–2670.

[221] E. Fernandez, C. La Vecchia, B. D’Avanzo, E. Negri, S. Franceschi, Family history
and the risk of liver, gallbladder, and pancreatic cancer, Cancer Epidemiol.
Prevent. Biomark. 3 (1994) 209–212.

[222] A. Vincent, J. Herman, R. Schulick, R.H. Hruban, M. Goggins, Pancreatic cancer,
Lancet 378 (2011) 607–620.

[223] A.P. Klein, K.A. Brune, G.M. Petersen, M. Goggins, A.C. Tersmette,
G.J.A. Offerhaus, C. Griffin, J.L. Cameron, C.J. Yeo, S. Kern, Prospective risk of
pancreatic cancer in familial pancreatic cancer kindreds, Cancer Res. 64 (2004)
2634–2638.

[224] A.C. Tersmette, G.M. Petersen, G.J.A. Offerhaus, F.C. Falatko, K.A. Brune,
M. Goggins, E. Rozenblum, R.E. Wilentz, C.J. Yeo, J.L. Cameron, Increased risk of
incident pancreatic cancer among first-degree relatives of patients with familial
pancreatic cancer, Clin. Cancer Res. 7 (2001) 738–744.

[225] S. Jones, X. Zhang, D.W. Parsons, J.C.-H. Lin, R.J. Leary, P. Angenendt, P. Mankoo,
H. Carter, H. Kamiyama, A. Jimeno, Core signaling pathways in human pancreatic
cancers revealed by global genomic analyses, Science 321 (2008) 1801–1806.

[226] H.E. Mulcahy, J. Lyautey, C. Lederrey, X. qi Chen, P. Anker, E.M. Alstead,
A. Ballinger, M. Farthing, M. Stroun, A prospective study of K-ras mutations in the
plasma of pancreatic cancer patients, Clin. Cancer Res. 4 (1998) 271–275.

[227] C. Almoguera, D. Shibata, K. Forrester, J. Martin, N. Arnheim, M. Perucho, Most
human carcinomas of the exocrine pancreas contain mutant cK-ras genes, Cell 53
(1988) 549–554.

[228] D.-Q. Mu, Y.-S. Peng, Q.-J. Xu, Values of mutations of K-ras oncogene at codon 12
in detection of pancreatic cancer: 15-year experience, World J. Gastroenterol. 10
(2004) 471.

[229] H. Rajagopalan, A. Bardelli, C. Lengauer, K.W. Kinzler, B. Vogelstein,
V.E. Velculescu, Tumorigenesis: RAF/RAS oncogenes and mismatch-repair status,
Nature 418 (2002) 934-934.

[230] H. Davies, G.R. Bignell, C. Cox, P. Stephens, S. Edkins, S. Clegg, J. Teague,
H. Woffendin, M.J. Garnett, W. Bottomley, Mutations of the BRAF gene in human
cancer, Nature 417 (2002) 949–954.

[231] E.S. Calhoun, J.B. Jones, R. Ashfaq, V. Adsay, S.J. Baker, V. Valentine,
P.M. Hempen, W. Hilgers, C.J. Yeo, R.H. Hruban, BRAF and FBXW7 (CDC4, FBW7,
AGO, SEL10) mutations in distinct subsets of pancreatic cancer: potential ther-
apeutic targets, Am. J. Pathol. 163 (2003) 1255–1260.

[232] B.C.L. Consortium, Cancer risks in BRCA2 mutation carriers, J. Natl. Cancer Inst.
91 (1999) 1310–1316.

[233] B. Xia, Q. Sheng, K. Nakanishi, A. Ohashi, J. Wu, N. Christ, X. Liu, M. Jasin,
F.J. Couch, D.M. Livingston, Control of BRCA2 cellular and clinical functions by a
nuclear partner, PALB2, Mol. Cell 22 (2006) 719–729.

[234] A. Kamb, N.A. Gruis, J. Weaver-Feldhaus, Q. Liu, K. Harshman, S.V. Tavtigian,
E. Stockert, R.S. Day III, B.E. Johnson, M.H. Skolnick, A cell cycle regulator po-
tentially involved in genesis of many tumor types, Science 264 (1994) 436–441.

[235] A. Okamoto, D.J. Demetrick, E.A. Spillare, K. Hagiwara, S.P. Hussain,
W.P. Bennett, K. Forrester, B. Gerwin, M. Serrano, D.H. Beach, Mutations and
altered expression of p16INK4 in human cancer, Proc. Natl. Acad. Sci. 91 (1994)
11045–11049.

[236] P. Cairns, L. Mao, A. Merlo, D.J. Lee, D. Schwab, Y. Eby, K. Tokino, P. Van der Riet,
J.E. Blaugrund, D. Sidransky, Rates of p16 (MTS-1) mutations in primary tumors
with 9p loss, Science 265 (1994) 415–418.

[237] C.H. Spruck, M. Gonzalez-Zulueta, A. Shibata, A.R. Simoneau, M.-F. Lin,
F. Gonzales, Y.C. Tsai, P.A. Jones, p16 gene in uncultured tumours, Nature 370
(1994) 183–184.

[238] C. Caldas, S.A. Hahn, L.T. Da Costa, M.S. Redston, M. Schutte, A.B. Seymour,
C.L. Weinstein, R.H. Hruban, C.J. Yeo, S.E. Kern, Frequent somatic mutations and
homozygous deletions of the p16 (MTS1) gene in pancreatic adenocarcinoma, Nat.
Genet. 8 (1994) 27–32.

[239] R. Katayama, C.M. Lovly, A.T. Shaw, Therapeutic Targeting of Anaplastic
Lymphoma Kinase in Lung Cancer: a Paradigm for Precision Cancer Medicine,
AACR, 2015.

[240] B.A. Chan, B.G. Hughes, Targeted therapy for non-small cell lung cancer: current
standards and the promise of the future, Transl. Lung Cancer Res. 4 (2015) 36.

[241] G. Bethune, D. Bethune, N. Ridgway, Z. Xu, Epidermal growth factor receptor
(EGFR) in lung cancer: an overview and update, J. Thorac. Dis. 2 (2010) 48.

[242] K. Park, E.-H. Tan, K. O’Byrne, L. Zhang, M. Boyer, T. Mok, V. Hirsh, J.C.-H. Yang,
K.H. Lee, S. Lu, Afatinib versus gefitinib as first-line treatment of patients with
EGFR mutation-positive non-small-cell lung cancer (LUX-Lung 7): a phase 2B,
open-label, randomised controlled trial, Lancet Oncol. 17 (2016) 577–589.

[243] P. Liu, H. Cheng, T.M. Roberts, J.J. Zhao, Targeting the phosphoinositide 3-kinase
pathway in cancer, Nat. Rev. Drug Discov. 8 (2009) 627–644.

[244] J. Bartek, J. Bartkova, J. Lukas, DNA damage signalling guards against activated
oncogenes and tumour progression, Oncogene 26 (2007) 7773–7779.

[245] R. Vijayalakshmi, A. Krishnamurthy, Targetable "driver" mutations in non small
cell lung cancer, Indian J. Surg. Oncol. 2 (2011) 178–188.

[246] M.M. Awad, A.T. Shaw, ALK inhibitors in non-small cell lung cancer: crizotinib
and beyond, Clin. Adv. Hematol. Oncol. 12 (2014) 429–439.

[247] M.M. Awad, A.T. Shaw, ALK inhibitors in non–small cell lung cancer: crizotinib
and beyond, Clin. Adv. Hematol. Oncol. H&O 12 (2014) 429.

[248] H. Özdağ, A.E. Teschendorff, A.A. Ahmed, S.J. Hyland, C. Blenkiron, L. Bobrow,
A. Veerakumarasivam, G. Burtt, T. Subkhankulova, M.J. Arends, Differential ex-
pression of selected histone modifier genes in human solid cancers, BMC Genomics
7 (2006) 90.

[249] E.B.C.T.C. Group, Polychemotherapy for early breast cancer: an overview of the

randomised trials, Lancet 352 (1998) 930–942.
[250] E.B.C.T.C. Group, Tamoxifen for early breast cancer: an overview of the rando-

mised trials, Lancet 351 (1998) 1451–1467.
[251] M. Clavel, G. Catimel, Breast cancer: chemotherapy in the treatment of advanced

disease, Eur. J. Cancer 29 (1993) 598–604.
[252] S.W. Lowe, S. Bodis, A. McClatchey, L. Remington, H.E. Ruley, D.E. Fisher,

D.E. Housman, T. Jacks, p53 status and the efficacy of cancer therapy in vivo, Sci.
N. Y. Washington (1994) 807-807.

[253] S.W. Lowe, H.E. Ruley, T. Jacks, D.E. Housman, p53-dependent apoptosis mod-
ulates the cytotoxicity of anticancer agents, Cell 74 (1993) 957–967.

[254] M. Whittaker, C.D. Floyd, P. Brown, A.J. Gearing, Design and therapeutic appli-
cation of matrix metalloproteinase inhibitors, Chem. Rev. 99 (1999) 2735–2776.

[255] S.F. Tavazoie, C. Alarcón, T. Oskarsson, D. Padua, Q. Wang, P.D. Bos, W.L. Gerald,
J. Massagué, Endogenous human microRNAs that suppress breast cancer metas-
tasis, Nature 451 (2008) 147–152.

[256] D.R. Robinson, Y.-M. Wu, P. Vats, F. Su, R.J. Lonigro, X. Cao, S. Kalyana-
Sundaram, R. Wang, Y. Ning, L. Hodges, Activating ESR1 mutations in hormone-
resistant metastatic breast cancer, Nat. Genet. 45 (2013) 1446–1451.

[257] L.C. Hartmann, D.J. Schaid, J.E. Woods, T.P. Crotty, J.L. Myers, P. Arnold,
P.M. Petty, T.A. Sellers, J.L. Johnson, S.K. McDonnell, Efficacy of bilateral pro-
phylactic mastectomy in women with a family history of breast cancer, N. Engl. J.
Med. 340 (1999) 77–84.

[258] W. Burke, M. Daly, J. Garber, J. Botkin, M.J.E. Kahn, P. Lynch, A. McTiernan,
K. Offit, J. Perlman, G. Petersen, Recommendations for follow-up care of in-
dividuals with an inherited predisposition to cancer: II. BRCA1 and BRCA2, JAMA
277 (1997) 997–1003.

[259] B. Kaufman, R. Shapira-Frommer, R.K. Schmutzler, M.W. Audeh, M. Friedlander,
J. Balmaña, G. Mitchell, G. Fried, S.M. Stemmer, A. Hubert, Olaparib monotherapy
in patients with advanced cancer and a germline BRCA1/2 mutation, J. Clin.
Oncol. 33 (2014) 244–250.

[260] S.A. Narod, J.-S. Brunet, P. Ghadirian, M. Robson, K. Heimdal, S.L. Neuhausen,
D. Stoppa-Lyonnet, C. Lerman, B. Pasini, P. De Los Rios, Tamoxifen and risk of
contralateral breast cancer in BRCA1 and BRCA2 mutation carriers: a case-control
study, Lancet 356 (2000) 1876–1881.

[261] I. Hedenfalk, D. Duggan, Y. Chen, M. Radmacher, M. Bittner, R. Simon, P. Meltzer,
B. Gusterson, M. Esteller, M. Raffeld, Gene-expression profiles in hereditary breast
cancer, N. Engl. J. Med. 344 (2001) 539–548.

[262] L.J. Van’t Veer, H. Dai, M.J. Van De Vijver, Y.D. He, A.A. Hart, M. Mao,
H.L. Peterse, K. van der Kooy, M.J. Marton, A.T. Witteveen, Gene expression
profiling predicts clinical outcome of breast cancer, Nature 415 (2002) 530–536.

[263] C.M. Perou, T. Sørlie, M.B. Eisen, M. van de Rijn, S.S. Jeffrey, C.A. Rees,
J.R. Pollack, D.T. Ross, H. Johnsen, L.A. Akslen, Molecular portraits of human
breast tumours, Nature 406 (2000) 747–752.

[264] S. Gruvberger, M. Ringnér, Y. Chen, S. Panavally, L.H. Saal, Å. Borg, M. Fernö,
C. Peterson, P.S. Meltzer, Estrogen receptor status in breast cancer is associated
with remarkably distinct gene expression patterns, Cancer Res. 61 (2001)
5979–5984.

[265] M. West, C. Blanchette, H. Dressman, E. Huang, S. Ishida, R. Spang, H. Zuzan,
J.A. Olson, J.R. Marks, J.R. Nevins, Predicting the clinical status of human breast
cancer by using gene expression profiles, Proc. Natl. Acad. Sci. 98 (2001)
11462–11467.

[266] A. Ahr, T. Karn, C. Solbach, T. Seiter, K. Strebhardt, U. Holtrich, M. Kaufmann,
Identification of high risk breast-cancer patients by gene expression profiling,
Lancet 359 (2002) 131–132.

[267] F.A.P. RIBEIRO, J. Noguti, C.T.F. OSHIMA, D.A. Ribeiro, Effective targeting of the
epidermal growth factor receptor (EGFR) for treating oral cancer: a promising
approach, Anticancer Res. 34 (2014) 1547–1552.

[268] O.A. before Treatment, Oral and dental management related to radiation therapy
for head and neck cancer, J. Can. Dent. Assoc. 69 (2003) 585–590.

[269] S.B. Chinn, J.N. Myers, Oral cavity carcinoma: current management, con-
troversies, and future directions, J. Clin. Oncol. 33 (2015) 3269–3276.

[270] S.M. Lippman, J. Sudbø, W.K. Hong, Oral cancer prevention and the evolution of
molecular-targeted drug development, J. Clin. Oncol. 23 (2005) 346–356.

[271] A. Antonelli, P. Fallahi, S.M. Ferrari, I. Ruffilli, F. Santini, M. Minuto, D. Galleri,
P. Miccoli, New targeted therapies for thyroid cancer, Curr. Genomics 12 (2011)
626–631.

[272] P.T. Wan, M.J. Garnett, S.M. Roe, S. Lee, D. Niculescu-Duvaz, V.M. Good,
C.G. Project, C.M. Jones, C.J. Marshall, C.J. Springer, Mechanism of activation of
the RAF-ERK signaling pathway by oncogenic mutations of B-RAF, Cell 116 (2004)
855–867.

[273] M. Schlumberger, Kinase inhibitors for refractory thyroid cancers, Lancet Oncol.
11 (2010) 912–913.

[274] S.E. Carty, D.S. Cooper, G.M. Doherty, Q.-Y. Duh, R.T. Kloos, S.J. Mandel,
G.W. Randolph, B.C. Stack Jr, D.L. Steward, D.J. Terris, Consensus statement on
the terminology and classification of central neck dissection for thyroid cancer: the
American thyroid association surgery working group with participation from the
American association of endocrine surgeons, American academy of otolar-
yngology—head and neck surgery, and American head and neck society, Thyroid
19 (2009) 1153–1158.

[275] S.I. Sherman, L.J. Wirth, J.-P. Droz, M. Hofmann, L. Bastholt, R.G. Martins,
L. Licitra, M.J. Eschenberg, Y.-N. Sun, T. Juan, Motesanib diphosphate in pro-
gressive differentiated thyroid cancer, N. Engl. J. Med. 359 (2008) 31–42.

[276] A. Mehta, L. Zhang, M. Boufraqech, Y. Zhang, D. Patel, M. Shen, E. Kebebew,
Carfilzomib is an effective anticancer agent in anaplastic thyroid cancer, Endocr.
Relat. Cancer 22 (2015) 319–329.

[277] A. Altmann, A. Markert, V. Askoxylakis, T. Schöning, R. Jesenofsky, M. Eisenhut,

P. Paul, et al. Mutation Research-Reviews in Mutation Research 781 (2019) 88–99

98

http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1100
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1100
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1100
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1105
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1105
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1105
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1110
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1110
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1115
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1115
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1115
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1115
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1120
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1125
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1125
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1125
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1130
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1130
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1130
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1135
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1135
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1135
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1140
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1140
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1140
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1145
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1145
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1145
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1150
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1150
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1150
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1155
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1160
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1160
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1165
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1165
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1165
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1170
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1175
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1175
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1175
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1175
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1180
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1180
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1180
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1185
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1185
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1185
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1190
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1190
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1190
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1190
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1195
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1195
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1195
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1200
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1200
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1205
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1205
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1210
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1210
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1210
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1210
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1215
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1215
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1220
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1220
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1225
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1225
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1230
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1230
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1235
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1235
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1240
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1240
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1240
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1240
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1245
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1245
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1250
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1250
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1255
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1255
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1260
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1260
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1260
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1265
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1265
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1270
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1270
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1275
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1275
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1275
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1280
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1280
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1280
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1285
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1290
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1290
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1290
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1290
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1295
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1295
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1295
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1295
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1300
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1300
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1300
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1300
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1305
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1305
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1305
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1310
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1310
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1310
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1315
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1315
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1315
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1320
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1320
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1320
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1320
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1325
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1325
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1325
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1325
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1330
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1330
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1330
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1335
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1335
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1335
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1340
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1340
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1345
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1345
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1350
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1350
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1355
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1355
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1355
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1360
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1360
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1360
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1360
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1365
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1365
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1370
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1375
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1375
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1375
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1380
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1380
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1380
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1385


U. Haberkorn, Antitumor effects of proteasome inhibition in anaplastic thyroid
carcinoma, J. Nucl. Med. 53 (2012) 1764–1771.

[278] R. Elisei, A. Vivaldi, L. Agate, R. Ciampi, E. Molinaro, P. Piampiani, C. Romei,
P. Faviana, F. Basolo, P. Miccoli, All-trans-Retinoic acid treatment inhibits the
growth of retinoic acid receptor β messenger ribonucleic acid expressing thyroid
cancer cell lines but does not reinduce the expression of thyroid-specific genes, J.
Clin. Endocrinol. Metab. 90 (2005) 2403–2411.

[279] P.K. Jonker, G.M. van Dam, S.F. Oosting, S. Kruijff, R.S. Fehrmann, Identification
of novel therapeutic targets in anaplastic thyroid carcinoma using functional
genomic mRNA-profiling: Paving the way for new avenues? Surgery 161 (2017)
202–211.

[280] F. Pietrantonio, F. De Braud, V. Da Prat, F. Perrone, M.A. Pierotti, M. Gariboldi,
G. Fanetti, P. Biondani, A. Pellegrinelli, I. Bossi, A review on biomarkers for
prediction of treatment outcome in gastric cancer, Anticancer Res. 33 (2013)
1257–1266.

[281] M.A. Shah, Z.A. Wainberg, D.V. Catenacci, H.S. Hochster, J. Ford, P. Kunz, F.-
C. Lee, H. Kallender, F. Cecchi, D.C. Rabe, Phase II study evaluating 2 dosing
schedules of oral foretinib (GSK1363089), cMET/VEGFR2 inhibitor, in patients
with metastatic gastric cancer, PLoS One 8 (2013) e54014.

[282] W. Yang, A. Raufi, S.J. Klempner, Targeted therapy for gastric cancer: molecular
pathways and ongoing investigations, Biochim. et Biophys. Acta (BBA) Rev.
Cancer 1846 (2014) 232–237.

[283] T.N. Chinembiri, L.H. Du Plessis, M. Gerber, J.H. Hamman, J. Du Plessis, Review
of natural compounds for potential skin cancer treatment, Molecules 19 (2014)
11679–11721.

[284] D.M. Aebersold, O. Landt, S. Berthou, G. Gruber, K.T. Beer, R.H. Greiner,
Y. Zimmer, Prevalence and clinical impact of Met Y1253D-activating point mu-
tation in radiotherapy-treated squamous cell cancer of the oropharynx, Oncogene
22 (2003) 8519–8523.

[285] W.M. Linehan, Genetic basis of kidney cancer: role of genomics for the develop-
ment of disease-based therapeutics, Genome Res. 22 (2012) 2089–2100.

[286] J.C. Yang, Bevacizumab for patients with metastatic renal cancer, Clin. Cancer
Res. 10 (2004) 6367S–6370S.

[287] J.C. Yang, L. Haworth, R.M. Sherry, P. Hwu, D.J. Schwartzentruber, S.L. Topalian,
S.M. Steinberg, H.X. Chen, S.A. Rosenberg, A randomized trial of bevacizumab, an
anti–vascular endothelial growth factor antibody, for metastatic renal cancer, N.
Engl. J. Med. 349 (2003) 427–434.

[288] B. Escudier, T. Eisen, W.M. Stadler, C. Szczylik, S. Oudard, M. Siebels, S. Negrier,
C. Chevreau, E. Solska, A.A. Desai, Sorafenib in advanced clear-cell renal-cell
carcinoma, N. Engl. J. Med. 356 (2007) 125–134.

[289] G. Feldmann, R. Beaty, R.H. Hruban, A. Maitra, Molecular genetics of pancreatic
intraepithelial neoplasia, J. Hepatobil. Surg. 14 (2007) 224–232.

[290] O.K. Mirzoeva, E.A. Collisson, P.M. Schaefer, B. Hann, Y.K. Hom, A.H. Ko,
W.M. Korn, Subtype-specific MEK-PI3 kinase feedback as a therapeutic target in
pancreatic adenocarcinoma, Mol. Cancer Ther. 12 (2013) 2213–2225.

[291] V. Narayanan, C.D. Weekes, Molecular therapeutics in pancreas cancer, World J.
Gastrointest. Oncol. 8 (2016) 366.

[292] D.A. Jacob, M. Bahra, J.M. Langrehr, S. Boas‐Knoop, R. Stefaniak, J. Davis,
G. Schumacher, S. Lippert, U.P. Neumann, Combination therapy of poly
(ADP‐ribose) polymerase inhibitor 3‐aminobenzamide and gemcitabine shows
strong antitumor activity in pancreatic cancer cells, J. Gastroenterol. Hepatol. 22
(2007) 738–748.

[293] P.P. Provenzano, C. Cuevas, A.E. Chang, V.K. Goel, D.D. Von Hoff, S.R. Hingorani,
Enzymatic targeting of the stroma ablates physical barriers to treatment of pan-
creatic ductal adenocarcinoma, Cancer Cell 21 (2012) 418–429.

[294] C. Li, D.G. Heidt, P. Dalerba, C.F. Burant, L. Zhang, V. Adsay, M. Wicha,
M.F. Clarke, D.M. Simeone, Identification of pancreatic cancer stem cells, Cancer
Res. 67 (2007) 1030–1037.

[295] M. Izumiya, A. Kabashima, H. Higuchi, T. Igarashi, G. Sakai, H. Iizuka,
S. Nakamura, M. Adachi, Y. Hamamoto, S. Funakoshi, Chemoresistance is asso-
ciated with cancer stem cell-like properties and epithelial-to-mesenchymal tran-
sition in pancreatic cancer cells, Anticancer Res. 32 (2012) 3847–3853.

[296] Z. Du, R. Qin, C. Wei, M. Wang, C. Shi, R. Tian, C. Peng, Pancreatic cancer cells
resistant to chemoradiotherapy rich in “stem-cell-like” tumor cells, Dig. Dis. Sci.
56 (2011) 741–750.

[297] M. Cioffi, J. Dorado, P.A. Baeuerle, C. Heeschen, EpCAM/CD3-Bispecific T-cell
engaging antibody MT110 eliminates primary human pancreatic cancer stem cells,
Clin. Cancer Res. 18 (2012) 465–474.

[298] P. Argani, C. Iacobuzio-Donahue, B. Ryu, C. Rosty, M. Goggins, R.E. Wilentz,
S.R. Murugesan, S.D. Leach, E. Jaffee, C.J. Yeo, Mesothelin is overexpressed in the
vast majority of ductal adenocarcinomas of the pancreas, Clin. Cancer Res. 7
(2001) 3862–3868.

[299] I. Pastan, R. Hassan, Discovery of mesothelin and exploiting it as a target for
immunotherapy, Cancer Res. 74 (2014) 2907–2912.

P. Paul, et al. Mutation Research-Reviews in Mutation Research 781 (2019) 88–99

99

http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1385
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1385
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1390
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1395
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1395
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1395
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1395
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1400
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1400
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1400
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1400
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1405
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1405
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1405
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1405
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1410
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1410
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1410
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1415
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1415
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1415
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1420
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1425
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1425
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1430
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1430
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1435
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1435
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1435
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1435
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1440
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1440
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1440
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1445
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1445
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1450
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1450
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1450
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1455
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1455
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1460
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1465
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1465
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1465
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1470
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1470
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1470
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1475
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1475
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1475
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1475
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1480
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1480
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1480
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1485
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1485
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1485
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1490
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1490
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1490
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1490
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1495
http://refhub.elsevier.com/S1383-5742(17)30093-5/sbref1495

	The significance of gene mutations across eight major cancer types
	Introduction
	Gene mutation related to different types of cancer
	Application of mutational information and advances already made
	Conclusion
	Contributions
	Conflicts of interest
	Acknowledgments
	References




