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1.1 Introduction

Cancer is one of the most common human dis-
eases, which occurs due to abnormal growth and
proliferation of cells undergoing sporadic or
familial mutations. These cancer cells have
potential to break away from the tumor mass and
spread through the lymphatic system or blood-
stream in body leading to metastasis [1]. Cancer
is caused by changes in genes controlling the
functions of cells, especially the growth and cell
division [2]. Genes carry the instructions for syn-
thesis of proteins and certain changes may alter
protein production leads to cancer development
such as increase production of a protein respon-
sible for cell growth, resulting in uncontrolled
cell division, or production of nonfunctional pro-
teins of cellular damage repair [3]. The abnormal
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cell division is also due to the breakdown in the
regulation of cell cycle signaling pathway lead-
ing to tumor formation [4, 5].

1.2  Causes of Cancer

To determine the causative factors of cancer is a
complex process as many factors are known to
increase the risk of cancer. Cancer is caused by
changes in normal cellular DNA known as muta-
tions [6]. These mutations may alter gene expres-
sion and mRNA production and also result in
uncontrolled cell growth mainly by the following
three mechanisms.

e Mutation of normal genes: These mutations
make cells to grow and divide more rapidly
creating many new cells that all have the same
mutations. For example, KRAS is a gene that
acts as an on/off switch in cell signaling and
functions normally by controlling cell prolif-
eration. If it is mutated, it leads to continuous
cell proliferation.

*  Mutation of tumor suppressor genes: Tumor
suppressor genes normally regulate the cell
growth but due to a mutation, cells lose inhibi-
tion and grow uncontrollably. For example,
tumor suppressor p53 protein is encoded by
the TP53 gene and loss of p53 have been
found in more than half of human cancers. Li-
Fraumeni syndrome (LFS), an inherited p53
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mutation increases the risk of developing vari-
ous types of cancers.

* Mutation of genes involved in repair mecha-

nism: Mutations occurring during normal cell
growth are recognized and repaired by DNA
repair mechanism and if, this fails, leads to
cancer development. For example, hereditary

parents if it is present in germ cells, like repro-
ductive cells of the body (egg and sperm).
These germ-line changes would present in
every cell of the offspring [7] and carried to
the next generations [8]. However, these types
of mutations account for small percentages of
cancers.

non-polyposis colon cancer is caused by 2. Mutations that occur after birth (envi-
mutation in one of the DNA repair genes like ronmental factor): Genetic changes that
MLH1, MSH2 and PMS2. occur after conception is called somatic
mutations [9]. There are many reasons,
which cause these mutations such as car-
cinogen (tobacco and alcohol), radiation,
certain infections, sedentary lifestyle, obe-
sity and environmental pollutants [10].
These type of cancer even being non-hered-
itary sometimes appear to run in families
e.g., tobacco use in family leading to the
development of similar cancers among fam-
ily members [11].

The full sequential events of human cancer
development is not yet completely understood, but
role of oncogenes (genes promoting cell growth and
reproduction) and tumor suppressor genes (genes
inhibiting cell division and survival) are critical in
tumor initiation and progression (Fig. 1.1).

1. Hereditary (genetic factor): Genetic changes
that promote cancer can be inherited from
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1.3  Classification of Cancers

There are around 200 different known cancers
that affect humans and their types are often
described by the body part or tissue of origina-
tion. However, some body parts contain multiple
types of tissue, so for greater precision, cancers
are additionally classified by type of cell of origi-
nation [12]. These types include:

e Carcinoma: These are of epithelial origin and
most common cancer of older age. Cancer
developing in the breast, prostate, lung, pan-
creas and colon are mostly carcinomas.

e Sarcoma: Cancers arising from connective
tissue (i.e. bone, cartilage, fat, nerve), develop
from cells originating in mesenchymal cells
outside the bone marrow.

e Lymphoma and leukemia: Cancers of hema-
topoietic system and leukemia is most com-
monly seen in children.

e Germ cell tumor: Originating from pluripo-
tent cells, these are most commonly seen in
the testicle or the ovary i.e. seminoma and
dysgerminoma, respectively.

e Blastoma: Cancers derived from immature
“precursor” cells or embryonic tissue are
called blastomas. They are more common in
children.

Fig. 1.2 Cancer
patients screening via
molecular diagnostics

Screening of
Cancer

Identify cancer genes
which may cause

There are some cancers which are named
based on the size and shape of the cells as seen
under a microscope, such as giant cell carci-
noma, spindle cell carcinoma and small cell
carcinoma.

1.4  Screening of Cancer

Cancers which are detected and treated early may
have better long-term survival but unfortunately,
there are no effective screening tests for early
cancer detection in most cases.

There have been some important successes in
screening and early detection [13]. Deaths from
carcinoma cervix reduced significantly in the
United States after the annual screening with the
“pap” test became a common practice; screening
for colorectal and breast cancer have also been
shown to reduce mortality caused by these
cancers (Fig. 1.2).

1.5 Diagnosis

Molecular diagnostic tests can help in the diag-
nosis and classification of cancers and these tests
can help to know specific mutations causing can-
cer. Similarly, the molecular profile of the tumor
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cells is increasingly being used for the classifica-
tion and choice of personalised treatment of can-
cer. Family history and genetic information may
identify people at risk of cancer which may serve
as the first step in identification of an inherited
cancer [13]. For an increasing number of dis-
eases, DNA-based testing can be used to identify
a specific pathogenic variant. The proportion of
individuals carrying a pathogenic variant who
will manifest the disease is referred to as pene-
trance. In general, common genetic variants that
are associated with cancer susceptibility have a
lower penetrance than rare genetic variants [14].

Companion diagnostics is the relatively new
term describing the tests, often molecular, which
are used to determine whether a specific therapy
would likely be effective for a specific patient.
These tests improve patient outcomes and can
reduce health care costs. The molecular diagnos-
tics helps at every stage of care, make them one
of the most dynamic and transformative areas of
diagnostics in health care system.

1.6  Molecular Biomarkers
Biomarkers have many potential applications in
oncology, including risk assessment, screening,
differential diagnosis, prognosis, prediction of
response to treatment, and monitoring of progres-
sion of disease [15, 16]. Because of the critical
role that biomarkers play at all stages of disease,
it is important that they must undergo rigorous
evaluation, including analytical validation, clini-
cal validation, and assessment of clinical utility,
prior to incorporation into routine clinical care.
Molecular alterations also serve as convenient
“markers” of disease. Since they are carried in
the coded elements contained within tumor cells,
their detection in biological fluids or tissues indi-
cates the presence of tumour [17]. Several genes,
proteins, enzymes, hormones, carbohydrate moi-
eties and a few oncofetal antigens have been rec-
ognized as potential biomarkers. There are some
specific genomic biomarkers proposed such as
TP53, a protein that suppresses the growth of
tumors, has been found to be a commonly
mutated gene in almost all cancer types [18].

Germline mutations in this gene cause
Li-Fraumeni syndrome, a rare, inherited disorder
that leads to a higher risk of developing certain
cancers. Inherited mutations in the BRCAI and
BRCA2 genes are associated with an increased
lifetime risk of hereditary breast and ovarian can-
cer syndrome in women [19]. Several other can-
cers such as pancreatic and prostate cancers, as
well as male breast cancer have also been associ-
ated with this syndrome [20]. PTEN is another
gene that produces a protein suppressing the
growth of tumors. Mutations in PTEN are associ-
ated with Cowden syndrome, an inherited disor-
der that increases the risk of breast, thyroid,
endometrial, and other types of cancers [21].

1.7  Various Techniques Used

in Molecular Diagnostics

Various promising technologies and diagnostic
applications of structural genomics are currently
producing a large database of cancer-genes by
mutation scanning and DNA chip technology
[22]. A variety of methods can be used to study
genetic aberrations includes fluorescent in situ
hybridization (FISH), allele-specific polymerase
chain reaction (PCR), quantitative real-time
(qPCR), gene sequencing, gene expression using
microarrays and next generation sequencing
(NGS) and proteomic analysis through mass
spectrometry (SELDI TOF MS) and peptide
receptors.

1.7.1 Polymerase Chain

Reaction (PCR)

PCR is the most frequently used molecular tech-
nique in a molecular genetic laboratory. Using a
pair of priming complementary sequences (oligo-
nucleotide primers) flanking to a location of
interest, together with unique heat-resistant poly-
merases, multiple copies of a targeted gene can
be obtained. PCR is a very sensitive molecular
technique that can detect mutations in even a
small cell population [23]. For example, in
leukemia patients who have received bone
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marrow transplants, PCR may be used to test for
residual malignant cells present in very low lev-
els in the circulation. Therefore, PCR can pre-
cisely detect the success of therapy in the course
of illness.

1.7.2 Real-Time PCR

Quantitative PCR (qPCR) is of great utility in the
assessment of minimal residual disease following
novel targeted therapy against specific molecular
defects as well as bone marrow transplantation
for myelogenous leukemia [24]. Along with
detecting the presence or absence of leukemia
cells carrying the target translocation, qPCR can
be used to evaluate a series of blood samples (or
bone marrow aspirates) after transplantation and
determine if the number of BCR-ABL—positive
cells in these samples is stable or is increasing.
Results can be obtained in 2 h and, depending on
the instrument used, as many as 384 samples can
be tested in a single run [25].

1.7.3 DNA Sequencing

DNA sequencing is the method of detecting the
precise order of nucleotides within a DNA mole-
cule or segment. This technology is used to deter-
mine the order of the four nitrogenous bases such
as adenine, guanine, cytosine and thymine in a
DNA strand. The advent of rapid DNA sequenc-
ing methods has greatly accelerated biological
and medical research in cancer diagnosis [26].
The only drawback of DNA sequencing is the
time and cost. Today, methods are available that
sequence DNA much more quickly and inexpen-
sively. The most popular method used currently
is called next-generation sequencing (NGS). In
this method, up to 500 million separate sequenc-
ing reactions are run at the same time on a slide
the size of a Band-Aid®. This slide is put into a
machine which analyzes each reaction separately
and stores the DNA sequences in a computer. The
reaction is a copying procedure similar to the one
described for the Sanger method but does not
require the use of altered nucleotide bases [27].

1.7.4 Microarrays

DNA microarrays can be used to compare the gene
expression patterns in two different cell popula-
tions, such as a population of cancer cells with
normal cells and in this case, two different fluores-
cent dyes are used [28]. The results obtained from
microarray are dramatically changing cancer-
treatment decisions [29]. Microarrays can also be
used to detect differences in patterns of gene
expression even within the same tumor type.
However, one of the major challenges is to effec-
tively select a few informative genes to construct
accurate cancer prediction models from thousands
to ten thousands of gene expression profiles.

1.7.5 Cytogenetic Testing

Cytogenetic test involves examining the number
and structure of chromosomes. The conventional
cytogenetic tests involve culturing of nucleated
cells, allowing for division and their metaphase
arrest. It is essential in cytogenetics testing that
the cells must be in dividing stage so that the
chromosome can be easily visualized by micro-
scope [30]. The dividing cells are then placed on
a microscope slide and evaluated in multiple cells
(usually at least 20). Cytogenetics is mainly used
for the typing of blood cancers such as leukemia
[31]. One of the drawbacks of conventional cyto-
genetics is time-consuming cell culture step and
using only fresh tissue samples.

1.7.6 Fluorescent In Situ
Hybridization (FISH)

FISH, also known as molecular cytogenetic test-
ing, is a way to visualize and document the loca-
tion of genetic material, including specific genes
or DNA sequences within genes. FISH exploits
the binding of fluorescence-labeled oligonucleotide
probes to its specific complementary DNA
sequence target on the genome and highlights that
region with fluorescence color (e.g., Texas red,
FITC green, acridine orange). Firstly, DNA in the
chromosomes is denatured then DNA probe is
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introduced where it can bind to complementary
DNA sequences in the sample [32]. Once the
probes have hybridized, they viewed under a fluo-
rescent microscope. Unlike conventional cytoge-
netic techniques, FISH does not have to be
performed on cells that are actively dividing which
makes it more versatile and also offers great
advantages over conventional cytogenetics in the
study of chromosomal deletions, translocations
and gene amplification. This great adaptability, in
addition to the topographic identification by fluo-
rescent microscopic examination, which allows
distinction between signals from tumorous and
non-tumorous cells, has fueled the field of “inter-
phase cytogenetics” in both tumor and prenatal
settings. FISH is particularly helpful in identifying
copy number variations, especially translocation
and amplification, for example frequency of
HER?2 in breast and gastric cancers [33].

1.7.7 Surface-Enhanced Laser
Desorption/lonization Time-
of-Flight Mass Spectrometry
(SELDI-TOF-MS)

Surface-enhanced laser desorption/ionization
(SELDI) is an ionization method in mass spec-
trometry that is used for the analysis of protein
mixtures [34]. Typically, SELDI is used with
time-of-flight mass spectrometers (TOF-MS) to
detect proteins in tissue samples, blood, urine,
or other clinical samples. SELDI-TOF MS is
the technology used to acquire the proteomic
patterns to be used in the diagnostic setting
[35, 36]. The high sensitivity and specificity
achieved by this method show a great potential
for the early detection of cancer and facilitation
of discovering new and improved biomarkers
(Fig. 1.3).
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, Sequencing of
Cancer tissue
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Fig. 1.3 Molecular diagnostics tools for cancer patients
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1.8 Prognosis

Prognostication is integral component of deci-
sion making in cancer care. It usually combines
the cancer diagnosis with considering the effi-
cacy, toxicity, and risks of treatment. The
advancement of molecular evaluation in the early
twenty-first century, there is possibility of decod-
ing the complete full-length sequence of the
human genome [37]. This gave a remarkable
impulse to the development of DNA sequencing
technologies and computational approaches to
analyze large volumes of data. There are two
important areas that have been drastically trans-
formed, such as the ability to prognosticate can-
cer outcome and the ability to predict tumor
response to a specific drug.

Molecular diagnostics play an important role
in prognosis by evaluating the likelihood of can-
cer recurrence after treatment. Several molecular
diagnostics are available to predict the likelihood
of breast cancer recurrence in women with early-
stage, node-negative, estrogen receptor-positive,
invasive breast cancer which can be treated with
hormone therapy.

Pharmacokinetics
and Pharmacodynamics

1.9

Pharmacokinetics (PK) and pharmacodynamics
(PD) are reciprocal terms often described in can-
cer drug discovery and development, where PK is
the measurement of change in drug concentration
with time and PD is the measurement of the
biological effects of the drug at different concen-
trations over different time periods. Cancer bio-
markers can be used to determine the most
effective treatment regime for personalized patient
care. Some people metabolize drugs differently
because of the differences in their genetic makeup.
In certain cases, reduced metabolism of certain
drugs can create threatening conditions in which
high levels of the drug accumulate in the body
[38]. The drug dosing decisions in particular can-
cer treatments can be benefited by the screening

of the biomarkers. An example is a gene encoding
the enzyme thiopurine methyl-transferase
(TPMT) in which individuals with TPMT gene
mutations are unable to metabolize large amounts
of a chemotherapeutic drug against leukemia such
as mercaptopurine, which potentially causes a
fatal drop in white blood count for such patients.
For safety considerations, patients with TPMT
mutations are recommended a lower dose of mer-
captopurine [39].

1.10 Conclusion

This chapter brings together excerpts from vari-
ous techniques of molecular diagnostics in can-
cer patients. In the current chapter, we highlighted
many aspects of molecular diagnostics, use of
biomarkers for diagnosis, prognosis and their
role in pharmacokinetics and pharmacodynamics
of cancer treatment. Molecular diagnostics is a
fast-evolving area of research and medicine, with
newer emerging technologies. The applications
of these techniques being continually used for
rapid diagnosis of cancer before its advanced
stage. The technologies that come under the
broad category of molecular diagnosis include
cancer genetics study using PCR, real time PCR,
gene sequencing and FISH; profiling of gene
expression using microarrays, miRNAs and pro-
teomic analysis through mass spectrometry
(SELDI TOF MS). In near future, nanotechnol-
ogy will have a pivotal role in the area of molecu-
lar diagnosis of cancer by employing technologies
involving nanodevices, micro fluidic systems,
newer generation biochips etc. for an early diag-
nosis and effective management of cancer.

The knowledge of cancer genetics and molec-
ular diagnostics applications are rapidly improv-
ing our understanding of cancer biology, offering
great help to identify at-risk individuals (screen-
ing) and diagnosis, furthering the ability to char-
acterize malignancies (classification of different
types of cancer). All these techniques offer a
great promise for development of tailored treat-
ment to the molecular fingerprint of the disease
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and have led to the discovery of numerous thera-
peutic molecules for cancer treatment, and the
optimization of drug therapy. Undoubtedly
molecular diagnosis will take a major role in
improvements in care for cancer patients in the
not-too-distant future.
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2.1  Gallbladder Cancer

Gallbladder Cancer (GBC), first described in
1771 by De Stoll, is a rare but an aggressive and
highly fatal malignancy [1]. Worldwide, the inci-
dence of GBC showed remarkable geographic
variability that correlates with the prevalence of
cholelithiasis (gallstone) with higher incidence
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being reported from developing nations like
South American countries, Central and Northern
Europe as well as some areas of India, Pakistan,
Japan and Korea while it is infrequent in devel-
oped countries like USA [2]. According to The
American Cancer Society’s estimates, there will
be approximately 12,190 new cases diagnosed
(5450 in men and 6740 in women) with, and
3790 deaths (1530 in men and 2260 in women)
due to, cancer of the gallbladder and nearby large
bile ducts in the United States for 2018. The inci-
dence rates of gallbladder cancer in Chile are
more than 25 per 100,000 females and 9 per
100,000 males [3]. GBC is primarily classified as
a disease of elderly females having 2-6 times
higher incidence in female than males [4, 5].
Higher incidence and mortality rate of GBC is
also reported in women from Delhi, Northern
India (21.5/100,000) followed by South Karachi,
Pakistan (13.8/100,000) and Quito, Ecuador
(12.9/100,000) [2].

GBC is associated with poor prognosis due to
its anatomic position (proximity to the major
extrahepatic bile duct and liver) and feature (lack
of a serosal layer) enabling early invasion of the
liver and metastatic progression to the regional
lymph nodes, the vagueness and nonspecificity of
symptoms thereby contributing advanced stage at
diagnosis and limited therapeutic options [6].
The overall 5-year survival for the GBC is less
than 5% [7] with a median survival time of
4.8 months [8].
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2.2  Risk Factors GBC

The pathogenesis of the GBC is multifactorial
comprising the combined effect of multiple
genetic variations along with numerous dietary
and environmental risk factors in addition to age,
gender and race [9].

2.2.1 Age, Gender, Race

and Socioeconomic Status

The incidence of GBC increases with age and
most frequently diagnosed in the sixth and sev-
enth decades of life with the mean age at diag-
nosis is 65 years [10]. GBC is mainly a female
dominating disease affecting females 2-3 time
more than males, which has been partly ascribed
to increased incidence of gallstone in women.
Worldwide, the highest female/male ratio (>3)
was seen in Porto Alegre, Brazil (4.69), Israel
(3.6), Pakistan (5.4), Colombia (6.1), Spain
(5.5) and Denmark (5). In Northern India, GBC
is considered the third most common malig-
nancy of female with 1:3 male to female ratio
[4] and in the United States, female to male ratio
across all ethnic groups is 1.8. In the USA,
white people have a 50% greater incidence than
the black population [11]. A majority of GBC
patients belong to low SES and hailed from
rural background [4].

2.2.2 Gallstone and Other
Pre-existing Diseases

Several pre-existed diseases (gallstone, anoma-
lous pancreato-biliary ductal union, gallbladder
polyps and Xanthogranulomatous cholecystitis
etc.) are associated with increased risk of GBC.
Gallstones are well-established cofactors in the
causation of GBC [12] having 4-7 times
increased risk of developing GBC [4, 13].
About 70-88% of GBC patients have a history
or presence of stones, but the incidence of GBC
among patients with stones is only 0.3-3.0%
[14]. The risk of developing GBC increases
directly with increasing duration and size or

weight and volume of gallstone [15, 16].
Gallstones >3 cm in size confer a ten fold
increased risk when compared with smaller
stones [15]. Porcelain gallbladder, Gallbladder
polyps, Xanthogranulomatous cholecystitis,
Anomalous pancreato-biliary ductal union
(APBDJ) and Gallbladder adenoma are also
associated with increased risk of GBC [17].

2.2.3 Chronic Inflammation

Chronic inflammatory condition due to the
repeated sequences of damage and repair in
gallbladder epithelium stimulates progressive
morphological deterioration through a metapla-
sia-dysplasia-carcinoma, and accumulative
genome instability, and has been established as
the most common causative factor for GBC
[18]. Chronic inflammation of the gallbladder is
suggested to encourage the loss of p53 gene het-
erozygosity and over-expression of pS3 protein
[19]. In addition, it may contribute to the sur-
vival and proliferation of mutated cells, apopto-
sis inhibition and stimulation of angiogenesis as
well as metastasis [20].

2.2.4 Infections

Presence of pathogenic mixed bacteria in gall-
bladders and bile samples of GBC patients, and
increased risk of GBC in Typhoid-endemic
areas, such as Chile has evoked important role
of bacterial infection in GBC [21, 22] S. typhi
and H. bilis infection were associated with an
increased risk of GBC [23, 24]. The risks of
GBC are found 8.74 times greater in those posi-
tive for typhoid carriers than in non-carriers
[25]. S. typhi produces a toxin named typhoid
which causes DNA damage and cell cycle alter-
ations thereby can exert its carcinogenic effect
in intoxicated cells [26]. In addition, the bacte-
rial colony may induce chronic inflammation
and metabolize bile to produce carcinogenic
compounds, and alteration in tumor suppressor
genes or proto-oncogenes leading to malignant
transformation [27].
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2.2.5 Diet

Dietary factors may be either causative or protec-
tive for GBC [28]. High intakes of total energy,
carbohydrate, red meat consumption, fats, and
consumption of carcinogenic impurities in mus-
tard oil are linked with the increased risk of GBC
[28]. On the other hand adequate intake of fruits
and vegetables, consumption of vitamin B6, vita-
min E, Vitamin C and dietary fiber probably
reduce the risk of GBC [28-30].

2.2,6 Obesity

Growing evidence have shown positively co-
relation between obesity or BMI and the risk of
GBC [31, 32]. Obesity promotes GBC risk by
interrupting lipid and endogenous hormones,
metabolism, and gallbladder motility thereby
increasing the risk of gallstone formation [33].
Further, this association is found to be more
prominent in women as compared to men [34].
A recent meta-analysis showed that obesity is
associated with more than two fold GBC risk in
the female, but reported no association between
overweight and GBC in male [35].

2.2.7 Genetic Susceptibility
and Family History

GBC patients have a significant association
with previous family history [4] and gallstone.
Subjects with both gallstone and positive fam-
ily history were found to have a 57-fold
increased risk as compared to the 21-fold risk
for those with gallstone but without a family
history of gallstone [36]. The relative risk for
GBC was 13.9 in patients whose first-degree
relatives had cancer of gallbladder [37]. The
genetic mechanism underlying the develop-
ment and progress of GBC is poorly understood
and most of the research has been focused on
K-ras, TP53, pl6 gene abnormalities, loss of
heterozygosity at tumor suppressor gene, mic-
rosatellite instability and loss of cell cycle reg-
ulation (Table 2.1).

Table 2.1 Genetic/epigenetic alterations in GBC

Genetic/
epigenetic
alterations
pS3

Frequency in GBC

p53 point mutation has been found in
30-70% of GBC malignancy. p53
deletion (LOH) is noted in an early stage
of GBC [38]. Further, pS3 expression
was found to gradually increase from
precancerous lesion to invasive
carcinoma [39]

p16 abnormalities have been found in
approximately 50% of all patients

The frequency of K-ras mutation at
codon 12 in the high-risk area, China, is
reported to 2.7-5% [40, 41] while in
India and Japan, it is reported to 38%
and 10-67%, respectively [42, 43]

Low level of MSI (3-35%) is
associated with GBC while higher
frequency (80%) is found in those
associated with APBDIJ [43]

It is a common occurrence in cancer
involving deletion of one of the two
alleles or chromosomal region. In GBC
LOH have been frequently reported on
different regions of chromosome 1p, 3p,
8p, 9p, 9q, 13q, 16q, 18q and 22q

MSI microsatellite instability, APBDJ anomalous pancreato-
biliary ductal union, LOH loss of heterozygosity

pl6/
CDKN2

K-ras

MSI

LOH

2.3  Pathogenesis of Gallbladder

Cancer

GBC pathology is a multi-step process involving
various genetic and epigenetic alterations. For
gallbladder carcinogenesis, two models have
been anticipated.

Dysplasia-Carcinoma Sequence: Dysplasia-
carcinoma sequence of GBC pathogenesis has
been described in more than 90% of GBC patients
[1]. Roa et al. demonstrated the presence of meta-
plasia, dysplasia, and CIS in the mucosa adjacent
to cancer in 66%, 81.3%, and 69%, respectively
[44]. Tt is triggered by gallstones and chronic
inflammation and involves a step-wise progres-
sion from normal epithelium into metaplasia that
progresses to increasing grades of dysplasia fol-
lowed by carcinoma in-situ (CIS) and invasive
GBC over the years. It is well recognized that
gallbladder dysplasia progresses to invasive most
cancers normally over a path of 15-19 years [45].
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It involves predominant p53 alteration with low
K-ras mutation [46].

Adenoma-Carcinoma Sequence: This is the
less common pathway for GBC pathogenesis
which originates as mass-forming glandular pro-
liferation, known as adenomas (pre-invasive neo-
plasia) which may progress to invasive carcinoma
by an acquisition of increasing cytological and
architectural dysplasia by this mass establishing
lesion and subsequent invasive characteristics.
The transition of benign adenoma into carcinoma
was histologically traceable. In a study, the ade-
nomatous residue was found in 19.0% of invasive
carcinoma [47].

24 GBCTypes

Histopathologically, more than 90% of GBC are
adenocarcinoma originating in the fundus (60%),
followed by body (30%), and neck (10%). Based
on the degree of gland formation the adenocarci-
nomas are divided into four categories: well

Table 2.2 GBC sub-types

differentiated (grade 1, >95% gland formation),
moderately differentiated (grade 2, 50-95%
gland formation) and poorly differentiated (grade
3, 5-49% gland formation), and undifferentiated
(grade 4, lack gland formation). The remaining
10% GBC cases include adenosquamous, squa-
mous and anaplastic carcinomas and rare types of
GBCs such as carcinosarcoma, small cell carci-
noma, lymphoma, signet ring cell-type tumors,
carcinoid tumors or embryonal rhabdomyosar-
coma (Table 2.2). Adenocarcinomas originate in
the mucus-producing gland cells in the gallblad-
der lining. These were further sub-classified into
three types; non-papillary adenocarcinoma, pap-
illary adenocarcinoma, and mucinous adenocar-
cinoma. Papillary adenocarcinoma develops in
the connective tissues holding the gallbladder in
place and less likely to spread to the liver and
nearby lymph nodes and have the most favorable
prognosis compared with other subtypes of
GBC. Squamous cell cancers constitute only 2%
of GBC and are treated in the same way as
adenocarcinomas.

PAC (5% of
GBCs)

Characterized by the papillary proliferation of epithelial cells with delicate fibrovascular
stalks. Noninvasive papillary tumors show intraluminal growth filling the gallbladder
contributing to the early presentation of obstructive symptoms, delayed invasion, and thus
associated with a better prognosis. While invasive papillary adenocarcinoma is associated with
a 10-year relative survival rate of 52% for tumors confined to the gallbladder wall and of
<10% with lymph node metastases [48]

MC (rare, 2.5% of
GBCs)

stable [49, 50]

Characterized by extracellular mucin comprising >50% of the tumor volume and when the
mucinous component exceeds 90% the tumor is labeled as pure mucinous or colloid
carcinoma. Mostly they are mixed-mucinous, not pure colloid, type. Large and advanced
tumors at the time of diagnosis and more-aggressive. IHC profile is distinct: MUC2 (86%),
MUCS5AC (86%), loss of E-cadherin (86%), CDX2 and MUC6 negative and microsatellite

CCA (rarest)

overall survival is limited [51, 52]

Originates from gallbladder epithelium. The tumor cells were characterized by clear
cytoplasm, large and well-defined cytoplasmic borders, hyperchromatic nuclei and little
nuclear atypia. Cells were organized in nests, sheets, and trabeculae and positive for CK-7,
CK-8, CK-18, CK-19, and negative for CK-20 and PAX8. Knowledge about its recurrence and

ASC (5%)

It shows admixed malignant glandular and squamous component (>25%). Squamous
component has a greater proliferative capacity compared with the glandular component. It
grows more aggressively with frequent invasion to the liver and other organs. Diagnosed at an
advanced stage with overall poor prognosis. Histologically, it may vary from well- to
poorly-differentiated keratinizing squamous cell carcinoma [53, 54]

SRCC

An aggressive variant of mucinous adenocarcinoma associated with worse prognosis
[23016488]. Characterized by the presence of rounded/ ring-shaped cells with a clear and
mucinous cytoplasm and a peripheral nucleus [55]. Primary signet ring carcinoma shows
surface dysplastic epithelium. IHC profile show CK7, CK20 positive and CDX2 negative [56]
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Table 2.2 (continued)

Undifferentiated
carcinomas

(0.38%)

Characterized by little glandular or other specific epithelial differentiation [57] associated with

worse prognosis. Classified into four types:

1. Spindle and giant cell type: the most common type also referred as sarcomatoid carcinoma.
Consist of spindle, giant and polygonal cells

2. Osteoclast-like giant cells: consist of abundant multinucleated osteoclastic giant cells
intermixed with pleomorphic malignant cells

3. Small cell type: consists of round undifferentiated cells with vesicular nuclei and prominent
nucleoli

4. Nodular or lobular type: consists of well-defined nodules of neoplastic cells

NET (0.2% of all
NETs)

Originate from multipotent stem cells or neuroendocrine cells in intestinal or gastric
metaplasia of the gallbladder epithelium, and often coexists with gallstones with chronic
cholecystitis. They are typically identified at an advanced stage, with a 5-year survival rate of
~36.9% [58-60]

SCC or oat cell
carcinomas; (rare,
0.5% of GBCs)

Characterized by aggressive features and early metastasis, with a median survival time of

9 months and no survivors at 10 years

Usually presents as a large mass comprising extensive necrosis with a prominent tendency for
invasive submucosal growth. About 80% of cases are pure SCC and the remaining are
combined SCC. Immunohistochemically, the tumor cells are positive for neuroendocrine
markers, such as chromogranin A, synaptophysin, and/or CD56 [61-63]

Gallbladder
Sarcoma
(exceedingly rare)

Very aggressive, begins in the muscle layer of the gallbladder. Mainly occur in older female
and have an overall poor prognosis. The mean survival after diagnosis is measured in months.
Tumor types include leiomyosarcoma, rhabdomyosarcoma, angiosarcoma, kaposi’s sarcoma,
malignant fibrous histiocytoma (MFH), synovial sarcoma, malignant GIST, and liposarcoma.
MFH is the predominant variant [64, 65]

PAC papillary adenocarcinoma, MC mucinous carcinoma, CCA clear cell adenocarcinoma, ASC adenosquamous carci-
nomas, SRCC signet-ring cell carcinoma, NET neuroendocrine tumors, SCC small cell carcinoma, LSM leiomyosarco-

mas, GIST-like gastrointestinal stromal tumor-like, RSM rhabdomyosarcomas

2.5 Clinical Presentation

Most GBC patients are very difficult to diagnose
early and remain asymptomatic or have non-
specific symptoms until the disease progresses to
an advanced stage. Most common clinical mani-
festation associated with GBC is gallstone and
chronic inflammation. Patients with GBC present
with following three different clinical scenarios;
GBC diagnosed fortuitously on pathological
examination after simple cholecystectomy, GBC
diagnosed at the time of cholecystectomy for pre-
sumed non-malignant disease, and GBC sus-
pected preoperatively. The first scenario (patients
with acute cholecystitis) is the most common pre-
sentation of early-stage GBC leading to better
prognosis and survival. Therefore, it is advised to
inspect gallbladder mucosa for the presence of
any suspicious lesions and its further evaluation
following simple cholecystectomy. Patients with
chronic cholecystitis present with vague upper
GI pain and tenderness, food intolerance, and

abdominal fullness. Patient having these symp-
toms with jaundice may have advanced disease
and often is beyond the curable stage [66, 67].
Jaundice is an ominous sign of GBC suggesting
obstruction of the distal common hepatic duct or
proximal common bile duct and indicates poor
prognosis and high postoperative morbidity
[68, 69] (Table 2.3).

2.6 Diagnostic Methods

2,6.1 Blood test/Serum Markers

It involves liver function tests like; alkaline phos-
phatase (ALKP), albumin, aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT),
total bilirubin (TBIL), direct bilirubin (DBIL),
gamma glutamyl transpeptidase (GGT) and
serum marker CA242, CA125, and CA199 and
CEA which are found to be frequently elevated in
GBC and associated with more advanced disease
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Table 2.3 GBC diagnosis

Clinical diagnosis

History/risk factors

e Age (>60 years)

¢ Gender (female)

e Presence of Gallstone or chronic cholecystitis, chronic inflammation

e Infection (S. typhi, H. pylori)

e Diet (higher intake of fat, carbohydrate, red meat, mustard oil etc.)

* Disease (Obesity, APBDIJ, gallbladder polyps, porcelain gallbladder, diabetes, XC)

¢ Genetic factors and family history (having close relatives with GBC or other cancer)
¢ Carcinogen Exposure (oil, heavy metal, free radical, oxidation products, Benzenes)
e High parity, early age at first pregnancy, use of Oral contraceptives

Symptoms .

¢ Fever

e Itching

e Loss of appetite, weight loss

¢ Jaundice (in advanced GBC)

Asymptomatic or symptomatic (vague)
e Vague upper GI pain and tenderness
* Gastrointestinal bloating, indigestion, nausea or vomiting

Presumptive diagnosis

Non-invasive Serum markers
diagnostic methods .

¢ LDH

Imaging

 USG

e CT Scan

e MRI

e Elastography

e PET and PET/CT

Liver function tests (ALKP, AST, ALT, TBIL, DBIL, GGT)
¢ Serum marker CA242, CA125, and CA199 CEA

ERCP/ERC
PTC

Invasive diagnostic .
methods .

Definitive diagnosis

Invasive diagnostic
methods

Biopsy: FNAC

GBC gallbladder cancer, APBDJ anomalous pancreato-biliary ductal union, XC xanthogranulomatous cholecystitis,
ALKP alkaline phosphatase, AST albumin aspartate aminotransferase, ALT alanine aminotransferase, 7BIL total biliru-
bin, DBIL direct bilirubin, GGT gamma glutamyl-transpeptidase, USG ultrasonography, CT computerised tomography,
MRI magnetic resonance imaging, PET positron emission tomography, ERCP endoscopic retrograde cholangiopancrea-
tography, PTC percutaneous transhepatic cholangiography, FNAC fine-needle aspiration cytology, GI gastrointestinal

involving liver [70-74].The levels of LDH iso-
forms (3 and 4) are found to be significantly
higher in GBC than cholelithiasis or chronic cho-
lecystitis and total LDH and its isoforms alone or
along with ALKP and TBIL is advocated to be
potentially valuable biomarker for prognosis of
gallbladder diseases like chronic cholecystitis,
cholelithiasis and GBC [75, 76]. A study analyz-
ing the serum level of CA242, CA125, and
CA199 in GBC demonstrated the highest sensi-
tivity of CA199 (71.7%) and highest specificity
of in CA242 (98.7%) for GBC diagnosis with a
single tumor marker while in combination of

CA199, CA242, and CA125 diagnostic accuracy
was 69.2% [70]. Another study showed CA 242
as a promising tumor marker for GBC with the
sensitivity, specificity, positive predictive value,
and negative predictive values of 64%, 83%,
88%, and 53%, respectively [71].

2.6.2 Imaging Techniques

Ultrasonography (USG): Abdominal ultrasound
is the first-line standard diagnostic method in
patients with right upper quadrant pain to con-
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firm biliary duct dilatation, identify the obstruc-
tion, presence of GB mass and exclude stones. It
shows hypo or iso-echogenic irregularly shaped
lesion that appears as a subhepatic mass over the
gallbladder and might reveal asymmetric gall-
bladder wall thickening, invasion of adjacent
structures [67]. Dilatation of the intrahepatic bile
ducts is the most frequent abnormality in patients
with bile duct carcinoma [77]. USG is fast, real-
time, non-invasive, and no ionizing radiation,
cheap and easily available diagnostic method that
provides information for disease staging, how-
ever, the overall accuracy is limited. In locally
advanced disease, USG has a sensitivity of 85%
and an overall accuracy of 80% in diagnosing
GBC [66].

Color Doppler USG can be applied to identify
the structures of the bile duct, compression, and
thrombosis in the hepatic artery and portal vein
due to the tumor. It is also helpful to assess the
invasion into the portal vein and hepatic
parenchyma.

Endoscopic ultrasound (EUS) is performed
using high-frequency ultrasound (5-12 MHz)
probes placed on the endoscope and is useful for
the differential diagnosis of gallbladder tumors
detected by mass screening, for estimating stage
description with depth of tumor invasion and for
distinguishing abnormal connections between
pancreatobiliary ducts and local lymphadenopa-
thy [78, 79]. EUS also offers safe and reliable
sampling method via fine needle aspiration (FNA)
biopsy [80]. It is considered more accurate than
USG (76%) and useful in differential diagnosis to
correctly detect histological neoplasia (97%).

Computerized tomography (CT) Scan: It is
more advanced imaging study than USG that
gives a 3-D picture of the organs and other struc-
tures including any tumors. CT scan can identify
tumor invasion outside of the gallbladder and its
metastases in the abdomen or pelvis. Combination
of CT scan and US provides accurate details of
disease extension and liver invasion which usu-
ally occurs in 60% of GBC cases. Dual-phase
helical CT has an overall accuracy of 93.3% to
evaluate GBC [81].

Magnetic resonance imaging (MRI): MRI
offers superior soft tissue delineation of
gallbladder lesions and biliary tree [82] and is
useful in examining disease extension into other
tissues or metastatic disease in the liver. MRI
with cholangiography (MRCP) and 3D angiog-
raphy (MR angiography) images may detect
bile duct and vascular invasion with 100% sen-
sitivity, but for hepatic invasion and lymph node
metastases, sensitivity is less i.e., 67% and 56%
respectively [83].

2.6.3 Elastography

Real-time elastography using acoustic radiation
force impulse (ARFI) is a new developing
method that can discriminate between benign
and malignant nodules in various organs. It uti-
lizes high-intensity focused ultrasound to esti-
mate the tissue elasticity [84]. Elastography is a
precise tool for discriminating benign gallblad-
der thickening with gallbladder carcinoma with
an overall accuracy of 92.8%. For GBC diagnos-
ing, its sensitivity is 100% and specificity is
91.3%, respectively [85]. It can be combined
with sonography as the prime imaging tool for
diagnosing gallbladder carcinoma at an early
stage. [tis also useful in obese (with BMI > 35 kg/
m?) or uncooperative patients and patients with
acute cholecystitis [85].

2.6.4 PETandPET/CT

PET scans are especially useful in diagnosing
vague primary lesions and identifying residual
disease after cholecystectomy and metastases to
other tissues and organs. PET and CT scans can
be used in combination to locate the precise loca-
tion of tumors. FDG PET/CT is a very sensitive
investigation in predicting the malignant nature
and recurrence of gallbladder lesions [86].
Overall diagnostic accuracy for the primary
lesion, lymph node involvement, and metastatic
disease was reported as 95.9%, 85.7% and 95.9%,
respectively [87].
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2.6.5 Endoscopic retrograde
cholangiopancreatography
(ERCP/ERC)

This method is used for diagnosis and treatment
of liver, gallbladder, bile ducts, and pancreas
related problems. It is best utilized for identifying
tumor extension into the bile ducts. In this tech-
nique, a long, flexible endoscope is inserted into
the first part of the small intestine via the esopha-
gus and stomach and a small catheter is inserted
into the common bile duct from the end of the
endoscope. Then a contrast dye is injected through
the tube followed by X-rays. The images can
demonstrate narrowing or obstruction of these
ducts and exclude ampullary pathology. This pro-
cedure is more invasive than MRCP but allow
cells or fluid sample collection by brush cytology,
biopsy, needle aspiration for further investigation,
and can also be used to place a stent (a small tube)
into a duct to help keep it open [88, 89].

2.6.6 Percutaneous Transhepatic
Cholangiography (PTC)

It allows access to the proximal biliary tree that
has become obstructed by extensive tumor
growth from the gallbladder. In this procedure, a
contrast dye is injected through a thin, hollow
needle inserted into a bile duct via stomach and
X-rays was performed. Similar to ERCP, this
method is used to collect samples such as fluid or
tissues or to place a stent into a duct to help keep
it open. However, this method is more invasive
and painful and usually used if ERCP failed due
to some reason.

2.6.7 Biopsy

Biopsy is performed only after confirming the
presence of GBC through other tests. It involves
removing a sample of tissue from the gallbladder
by laparoscopy or while ERCP and further histo-
pathological evaluations. Ultrasound-guided fine-
needle aspiration cytology is a safe method for
GBC diagnosis.

Molecular Markers for GBC
Diagnosis and Prognosis

2.7

With the rapid progress in molecular technology,
the molecular pathogenesis GBC risk has been
well established and various etiological factors
have been identified. However, GBC is still a
lethal disease and only a few valuable prognostic
factors have been identified for GBC so far. The
results, however, have been variable, and have
not yielded clear clinical relevance. Since a sub-
tle change at the molecular or genetic level may
lead to the development of a new diagnostic as
well as potential targets for personalized therapy,
it is necessary to identify different biomarkers
and molecular markers associated with GBC pro-
gression. Here we will discuss the recent devel-
opment in GBC pathogenesis associated marker
that can be used either alone or in combination to
fulfill the gap between early diagnosis and ther-
apy at advance stage GBC (Table 2.4).

p53: Alterations in p53, the tumor suppressor
gene, is the most common event in the majority of
human cancers. TP53 mutations leading to loss of
function have been reported in approximately
27-70% of GBC. Missense mutations in exon
5,6,7,8 and 9 are the most common mutation type
producing a nonfunctional protein that starts accu-

Table 2.4 Promising marker for GBC diagnosis and
prognosis

Molecular markers | Alterations in GBC

P53 Mutation, over-expression
(27-70%), LOH (50%)

K-ras Mutation (10-67%)

P16 Mutation and loss of expression

Her-2/C-erB2 Overexpression (2—46.5%)

Rb Mutation and loss of expression

Cyclin D1 Overexpression

Annexin A IV Overexpression

Trx-1 Overexpression

ADAM-17 Overexpression

E-, N-, P-Cadherins

Altered expression

S100A4

Overexpression

Calpain-1 Overexpression
MicroRNA Altered expression
NLR, PLR, Elevated level
CRP, GPS

ER PR Altered expression
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mulating in the cell. LOH is another commonest
mechanism for loss of p53 function reported in
more than 50% of GBC. p53 expression and its
accumulation were found to increase in GBC from
precancerous lesion to invasive carcinoma, while
it has been found to be absent in normal mucosa
adjacent to the tumor and normal gallbladder sug-
gesting that p53 protein expression is an early
event in the development of GBC. Further,
increased expression of p53 was found to be cor-
related with disease progression in metaplasia-
dysplasia-carcinoma  sequence  for  GBC
originating in the context of chronic cholecystitis
[38]. However, the prognostic implication of p53
alteration in GBC is a subject of debate [90].
K-ras: KRAS mutations, particularly in
codons 12, 13 have been reported 10-67% of
GBC cases, however, a lower rate of K-ras muta-
tion has been also reported [91]. GBC patients
associated with an anomalous pancreaticobiliary
duct junction (APBDJ) showed a higher rate of
k-ras mutation (50-83%) suggesting it a promis-
ing diagnostic marker for these cases [42, 92].
Her-2/C-erB2: C-erbB2, a proto-oncogene, is
a transmembrane glycoprotein with tyrosine
kinase activity. It is a cell surface growth factor
receptor frequently found to be upregulated in
various cancers and has been established as a
potential therapeutic target. Various studies have
reported HER-2/neu (erbB-2) overexpression in
2-46.5% cases of GBC [93, 94]. Her-2 altera-
tions have been proposed as a marker of meta-
static disease as well as of poor prognosis [95].
Cell-cycle related proteins: The cyclin D1/
p16/Rb pathway plays a critical role in cell cycle
regulation and found to be dysregulation in vari-
ous malignancies. GBC progression is associ-
ated with loss of p16 and Rb protein expression
and upregulation of cyclin D1 expression [96].
P16 expression was reported in 12-48.8% of
GBC and correlated with a low tumor stage and
grade [96, 97]. pl6/CDKN2A inactivation plays
an important role in GBC pathogenesis suggest-
ing it as a favorable prognostic marker [96, 98,
99]. RB protein expression was found in
24-58.5% of GBC [96, 97]. The expressions of
Cyclin D1 increased along with the progression
of GBC from gallbladder mucosa hyperplasia

suggesting that Cyclin D1 may play a role in the
early stage of gallbladder carcinoma. Cyclin D1
expression was seen in 40-68.3% of GBC
patients [96, 97, 100].

Annexin A IV (ANX4): ANXA4, a member of
the annexin family, has been shown to regu-
late membrane permeability and membrane
trafficking. The ANXA4 overexpression has been
reported in various epithelial tumors and it has been
suggested as an indicator for tumor development,
invasion, chemo-resistance, poor outcomes of can-
cer patients [101]. ANXAA4 level is found to be sig-
nificantly elevated in GBC tissue and has been
reported as a significant diagnostic biomarker in
GBC [102]. Further, a recent study showed that
elevated ANXA4 expression is correlated with inva-
sion depth in GBC patients and predicted a poor
prognosis and ANXA4 knockdown demonstrated
increased apoptosis and inhibited cell growth,
migration, invasion and inhibited tumor growth,
suggesting it as a potential therapeutic target [103].

Thioredoxin-1: Thioredoxin-1 (Trx-1) is a
ubiquitous multifunctional redox protein having
a conserved —Trp—Cys—Gly—Pro—Cys—Lys—
redox catalytic site and is reduced by NADPH
(nicotinamide adenine dinucleotide phosphate-
oxidase) and Trx reductase (Trx-Red). Trx level
was found elevated in many cancers. Aggressive
tumors overexpress both Trx and Trx-Red.
Increased Trx-1 leads to increased cell growth
and resistance to apoptosis as well as chemother-
apy [104]. TRX-1 protein levels were also found
to be significantly high in GBC samples than in
cholecystolithiasis samples, indicating a worse
prognosis in the invasion front [105].

ADAM-17: The ADAM-17, also known as
TACE (tumor necrosis factor-alpha converting
enzyme), is a multi-functional gene family of
membrane-anchored proteins having a disinteg-
rin and metalloprotease domain. It has been
implicated in a variety of biological processes
involving cell-cell and cell-matrix interactions
and tumor metastasis. Increased expression of
ADAM-17 was significantly associated with high
histological grade and pT stage and shorter over-
all survival of GBC patients. Therefore, it may be
explored as a new therapeutic target for the GBC
management [106].
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Cadherins: Cadherins (-E, -N, -P), a class of
type-1 transmembrane proteins, are a type of cell
adhesion molecule (CAM) playing an important
role in the formation of adherent junctions to
bind cells with each other. Alterations in
expression of these proteins were suggested to be
involved in the loss of adhesive mechanisms
leading carcinogenesis.

The function of the E-cadherin which is pre-
dominantly expressed in epithelial tissue is con-
trolled by the f-catenin and alterations in the
E-cadherin/fB-catenin complex may contribute to
metastasis of cancer cells due to loss of cell adhe-
sion and cell polarity. In GBC, the expression of
E-cadherin and p-catenin were found to be signifi-
cantly differ between normal, inflamed and can-
cerous tissues; -catenin expression was decreased
between cholecystitis and malignant tissue, as well
as between normal epithelium and carcinoma,
while the E-cadherin membranous expression was
reduced in normal gallbladder epithelia compared
to carcinoma and also from inflammation to
GBC. Further, the cytoplasmic E-cadherin was
significantly different from normal gallbladders to
carcinomas and between normal tissue and inflam-
mation [107]. Priya et al., reported high LOH and
loss of E-cadherin expression in GBC as compared
to chronic cholecystitis, xanthogranulomatous
cholecystitis and normal GB [108]. Recently Yi
et al. demonstrated a close correlation between the
expression of N- and P-cadherin and the clinico-
pathological as well as biological behaviors, and
the poor-prognosis of GBC patients [109].

S100A4: The calcium-binding protein,
S100A4, function in cell motility, invasion and
tubulin polymerization. It has been established as
a metastasis-inducing molecule. In a study,
S100A4 staining was detected in 42% of resected
GBC cases and 5-year survival rate of these cases
is significantly less than that of SI00A4 negative,
indicating that SI00A4 can be used as a GBC
prognostic marker [110].

Calpain-1: Calpain-1 belonging to calpain
protease family, regulate various physiological
functions such as cell differentiation, transcrip-
tional regulation, cell cycle, migration and apop-
tosis and has been shown to be involved in the
cancer progression. In GBC patient’s, calpain-1

expression was significantly upregulated as com-
pared with those of cholecystitis patients, sug-
gesting that calpain-1 expression may be
associated with disease progression from chole-
cystitis to GBC [111].

Hormone Receptors: Female sex hormone
receptors (ER and PR) expression have been
shown in the majority of GBC suggesting an
important role of sex hormones in GBC pathogen-
esis and their implications as anti-hormonal ther-
apy. However, literature regarding their prognostic
implication is inconclusive. Simultaneous expres-
sion of ER and PR was reported in 23.4% of GBC
patients, which is correlated with metaplasia, dys-
plasia, and early/operable stage of the tumor [112].
Gupta et al. showed significantly high expression
of ER in GBC as compared to chronic cholecysti-
tis but no significant difference for PR expression
in both groups [113], also their expression did not
correlate with gender, age, menopausal status, the
presence of gallstones, tumor differentiation, and
tumor stage. However, Baskaran et al., showed
higher expression of PR in GBC as compared to
GSD, and was inversely correlated with tumor
stage but positively associated longer overall sur-
vival suggesting PR as a prognostic marker [114].
Another study demonstrated the absence of both
ER (alpha) and PR in GBC [115]. ERbeta expres-
sion was found to be significantly downregulated
in GBC as compared to non-cancerous regions and
was significantly associated with lymph node
metastasis, advanced stage, lower grade, lym-
phatic invasion and a poor prognosis of the patients
indicating the malignant property of GBC [116].
Another study reported ER-beta expression in
73.3% GBC which was associated with tumor dif-
ferentiation and better 5-year survival rate [115].

MicroRNA: MicroRNAs (miRNAs) are
small, non-coding RNA molecules that play a
crucial role in carcinogenesis by acting like
tumor suppressor- or onco-genes. Like other
cancers, in GBC, miRNAs having a tumor sup-
pressor function were found to be downregu-
lated, while those with oncogenic property were
upregulated (Table 2.5). The expression profile
of miRNAs were significantly correlated with
GBC prognosis and prediction. Forced over-
expression/inhibition of these miRNAs was
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Table 2.5 miRNA profile for GBC

Oncogenic/

up-regulated miRNA | Tumor suppressive/down-regulated miRNA

miR-182 miR-335 miR-654-3p miR-146b-5p miR-379-5p miR-145
mir-155 miR-34a miR-411-5p Mir-218-5p miR-30e-3p mir-130a
mir-29b mir-122 miR-125a-5p mir-143-3p, -5p miR-299-5p mir-99a-5p, -3p
mir-200a mir-133a miR-29b-3p mir-125b-5p miR-328 mir-29¢-3p, -5p
mir-21 mir-195-5p miR-29b-2-5p miR-139-5p miR-154-5p miR-100-5p
mir-142-3p, -5p miR-148a-3p | miR-495 miR-145-3p miR-381-3p miR-376¢
mir-223 miR-187-3p miR-101-5 miR-365a-3p mir-133b5p miR-101-3p
miR-182 miR-335 miR-654-3p miR-146b-5p miR-379-5p miR-145

shown to affect tumor growth and development
[117]. Further, let-7a, miR-21, miR-187,
miR-143, miR-202 and miR-335 were found to
be aberrantly expressed of in the blood samples
of GBC patients as compared to healthy individ-
uals and the expression of miR-187, miR-143
and miR-122, were correlated with lymph node
metastasis and pathological TNM stage suggest-
ing them as a promising noninvasive biomarker
for early diagnosis of GBC [118].

Immune response-related index:
Inflammation and inflammatory response has
been well established as a critical player in the
pathogenesis of various malignancies. Neutrophil
to lymphocyte ratio (NLR), platelet to lympho-
cyte ratio (PLR), C-reactive protein (CRP) and
Glasgow Prognostic Score (GPS) represents
immune response-related index and elevated
level of these inflammatory markers have been
related to the poor prognosis and survival out-
comes in patients of various cancers. In GBC
patients, PLR was shown to be significantly asso-
ciated with CA125 levels, TNM stage, and degree
of differentiation [119]. Subsequently recent
studies demonstrated that elevated NLR, GPS or
CRP and PLR are associated with reduced sur-
vival in GBC patients and therefore are suggested
as a straightforward, low-cost, valuable and
potential prognostic marker for GBC [120-122].

2.8 Conclusion

Nonspecific symptoms, advanced stage of
diagnosis and lack of well-defined therapeutic tar-
gets are the main factors contributing GBC lethal-

ity. Over the past few decades, there has been a
remarkable improvement in diagnostic procedures
and molecular technology. With the increased
understanding of the molecular pathogenesis of
GBC, significant effort has been made to identify a
potential biomarker for GBC diagnosis at an early
stage. Consequently, several potential candidates
have been suggested that can be effectively used
for diagnostic and prognostic purposes and can
contribute to targeted therapy. Nevertheless, none
of the biomarkers has shown consisting result pre-
dicting GBC prognosis and it is still an infrequent
and puzzling malignancy with an overall poor out-
come. Future studies need to focus on the combina-
tion of proteomics and genomics, including
epigenetic alterations related to the molecular
pathogenesis of GBC progression that could
enhance the specificity and sensitivity of tumor
prognosis and leads to the development of novel
targeted therapies and contribute in personalized
medicine.
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for Lung Cancer

Ashok Kumar and Ashwani Tandon

3.1 Introduction

Lung cancer is the leading cause of cancer-related
deaths worldwide in both men and women [1].
Approximately 1.8 million new cases of lung
cancer were diagnosed in 2012 and it accounts
for 12.9% of all the cases [1]. It is broadly divided
into two main histological groups: small cell lung
carcinoma (SCLC) and non-small cell lung can-
cer (NSCLC). SCLC and NSCLC account for
13% and 87% of all lung cancers, respectively
[2]. The main histological subtypes of NSCLC
are adenocarcinoma, squamous cell carcinoma
and large cell carcinoma [2]. Growing evidence
suggests that lung cancer is a group of histologi-
cally and molecularly heterogeneous diseases
even within the same histological subtype [2, 3].
Five year survival rate for stage I small and local-
ized NSCLC varies from 70 to 90%. However,
most of the patients with NSCLC are diagnosed
in the advanced stages (III/IV) and have 1-year
survival rate of just 15-19% [4]. SCLC is more
aggressive than NSCLC and have overall 5-year
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survival rate of 5% [4]. In India as well as other
south Asian countries, its diagnosis is com-
pounded by the high incidence of pulmonary
tuberculosis [5]. Therefore, the strategy for early
and accurate diagnosis is of vital importance.

Identifying driver mutations in EGFR, ALK
and other genes are central to management of
lung cancer patients. International phase III
randomized-controlled trials (RCT) have con-
firmed the superiority of tyrosine kinase inhibi-
tors (TKIs) with improved progression-free
survival (PFS) over systemic chemotherapy as
first-line treatment for metastatic EGFR-mutated
NSCLC [6]. A clinical trial showed that patients
with an EGFR positive mutation had a longer
progression free survival (PFS) treated with gefi-
tinib versus carboplatin plus paclitaxel [6].
Conversely, patients negative for EGFR muta-
tions had shorter PFS treated with gefitinib ver-
sus carboplatin plus paclitaxel [6].

3.2  Classification of Lung Cancer

For consistency in reporting, the revised histo-
logic classification (Table 3.1) published by the
World Health Organization (WHO) for tumors of
the lung, including carcinoids, is practiced by
pathologist [7]. In the era of molecular testing
and targeted therapy accurate histologic typing of
lung carcinoma is important. However, it may be
limited in small biopsies, but in large resected

27

K. K. Shukla et al. (eds.), Molecular Diagnostics in Cancer Patients,

https://doi.org/10.1007/978-981-13-5877-7_3

3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-5877-7_3&domain=pdf
mailto:ashok.biochemistry@aiimsbhopal.edu.in

28

A.Kumar and A. Tandon

Table 3.1 WHO classification of tumors of the lung

Adenocarcinoma
Lepidic predominant
Acinar predominant
Papillary predominant
Solid predominant
Micropapillary predominant
Invasive mucinous adenocarcinoma
Mixed invasive mucinous and nonmucinous
adenocarcinoma
Colloid adenocarcinoma
Fetal adenocarcinoma
Enteric adenocarcinoma

Minimally invasive adenocarcinoma
Nonmucinous
Mixed nonmucinous and mucinous
Mucinous

Preinvasive lesion
Atypical adenomatous hyperplasia
Adenocarcinoma in situ

Non mucinous/mucinous

Squamous cell carcinoma

Keratinizing squamous cell carcinoma
Non-keratinizing squamous cell carcinoma
Basaloid squamous cell carcinoma
Preinvasive lesions

Squamous cell carcinoma in situ

Small cell carcinoma

Combined small cell carcinoma (small cell carcinoma
and non-small cell component)

Large cell neuroendocrine carcinoma
Typical carcinoid tumor
Atypical carcinoid tumor

Large cell carcinoma

Adenosquamous carcinoma
Pleomorphic carcinoma

Spindle cell carcinoma

Giant cell carcinoma

Carcinosarcoma

Pulmonary blastoma
Lymphoepithelioma-like carcinoma
NUT carcinoma

Mucoepidermoid carcinoma

Adenoid cystic carcinoma
Epithelial-myoepithelial carcinoma
Carcinoma, type cannot be determined
Non-small cell carcinoma, subtype cannot be determined
Other histologic type not listed above

specimens, diagnosis of NSCLC is precise and
accurate. Poorly differentiated carcinoma lacking
microscopic evidence of glandular differentiation
and positive for TTF-1 and Napsin A (Fig. 3.1a—
¢) by immunohistochemistry (IHC) is diagnosed
as solid adenocarcinoma. If poorly differentiated
carcinoma lacks microscopic evidence of squa-
mous differentiation and shows the expression of
p40 and CK5/6 and p63 (Fig. 3.1d-f), then it is
diagnosed as non-keratinizing squamous cell car-
cinoma (SqCC) [3]. Sampling of lung carcino-
mas should be done and represented in the
histological sections examined. A diagnosis of
adenocarcinoma in situ (AIS) or minimally inva-
sive adenocarcinoma (MIA) shall be made on
entire specimen histological examination and
lesion shall be solitary of <3 cm in diameter. The
diagnosis of MIA is made in a lepidic predomi-
nant tumors with an invasive components mea-
suring 0.5 cm or less in size [7].

Sub-classification of adenocarcinomas by
predominant histologic pattern may be per-
formed and can be useful for assessing patho-
logic grade. In poorly differentiated cases,
immunohistochemistry can greatly aid in classi-
fication. This is particularly useful in making a
diagnosis of solid-type adenocarcinoma or non-
keratinizing SqCC.

Similarly, cytology specimens are also very
informative and if material is adequate, patholo-
gist may provide substantial information for
patient management including broader classifier
as adenocarcinoma, SqQCC, small cell carcinoma
or neuroendocrine tumors. Cytology specimens
are very important as diagnostic material in effu-
sion fluid cytology, aspirate material from meta-
static tumor deposit in lymph nodes and even at
distant sites. Immunocytochemistry on cytospin
material or IHC on cell block material is impor-
tant aid to further classify lung tumors [3].
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Fig.3.1 Solid adenocarcinoma (a—c) and non-keratinizing
squamous cell carcinoma (SqCC) (d—f). Solid adenocarci-
noma [(a) HE staining] is immunohistochemically positive
for TTF-1 (b) and Napsin A (c¢). Non-keratinizing SqCC

3.3 Genetic Aberrations

in Lung Cancer

While cancers are characterized by numerous
genomic aberrations, some acquired mutation(s)
may be sufficient to induce growth and impaired
differentiation leading to cancer development.
This powerful somatic effect has been com-
monly described as a driver mutation and the
overall phenomenon as oncogene addiction [8].
Oncogene addiction becomes the rationale for
targeted therapy of solid tumors enabling a
model that delivers treatment with a higher prob-
ability of efficacy while at the same time lowers
the risk for adverse events. A diversity of
genomic and epigenetic abnormalities has been
reported in NSCLC. Lung cancers develop
through a multistep process involving develop-
ment of multiple genetic and epigenetic altera-
tions, particularly activation of growth promoting
pathways and inhibition of tumour suppressor
pathways. Activation of growth promoting onco-
genes can occur by gene amplification or other

[(d) HE staining] is immunohistochemically positive for
p40 (e) and CKS5/6 (f) (Reprinted by permission from
Frontiers Media S.A; Frontiers in Oncology 2017; 7:193)

genetic alterations including point mutations and
structural rearrangements leading to uncon-
trolled signalling through oncogenic pathways.
Improvements in our understanding of molecu-
lar alterations at multiple levels (genetic, epigen-
etic, protein expression) and their functional
significance have the potential to impact lung
cancer diagnosis and treatment [9]. Oncogenic
driver mutations have been identified in over
50% of lung adenocarcinoma [9]. Oncogenic
driver mutations refer to mutations that are
responsible for both the initiation and mainte-
nance of the cancer. These mutations are often
found in genes that encode for signaling proteins
that are critical for maintaining normal cellular
proliferation and survival [10]. NSCLC, espe-
cially lung adenocarcinomas, can be further sub-
classified by their genetic mutation profiles,
making personalized treatment strategies based
on the identification of oncogenic driver muta-
tions feasible. Clinically relevant genetic aberra-
tions in common genes involved in lung cancer
are described below.
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3.3.1 Epidermal Growth Factor

Receptor (EGFR)

The human EGFR gene is a member of the ErbB
family of receptor tyrosine kinases (RTK).
Binding of the receptor with epidermal growth
factor (EGF) or other cognate ligands induces
receptor dimerization and auto-phosphoryla-
tion. Crosslinking of EGFR to its ligand acti-
vates downstream signaling cascade, resulting
in the stimulation of cell proliferation [11].
Mutations in EGFR gene in lung cancer are

mostly detected in the first four exons of the
RTK domain (exon 18-21) (Fig. 3.2). The most
frequent mutations are missense mutations in
exon 21 (41% of all mutations) and in-frame
deletions in exon 19 (44% of all mutations)
[12]. These mutations are frequently detected in
lung adenocarcinoma (20—48%) and are also
frequently detected in females (40—60%), never
smokers (50-60%) and East Asian patients
(30-50%) [12]. Two most common genetic
alterations in EGFR gene are; a point mutation
in exon 21 L858R and an in-frame deletion in

EGF binding EGF binding TM Tyrosine kinase Autophosphorylation
| | _— [ ] ‘ l |
Exon 2 5 7 13 1617 J 18-21 L 22-24 28
= N
_ — ~ -
Mutations associated P >
with drug resistance - T790M (50%)* So
— SN
Pt D770_N771 (ins NPG) S -
_ D770_N771 (ins SVQ) e
_ D770_ N771 (ins G). N771T ~
- V769L g
o D761Y 57681 S
r B
'8 8R (<1%) 5 6% 23 2
I 8 N~ N~ N~ o !
Exon 18 Exon 21
(nucleotide-binding loop) FTIRE Exop 20 (activation loop)
G719C AE746-A750 V765A L858R (40-45%)
G719S AE746-T751 T783A N826S
G719A AE746-A750 (ins RP) <1%) A839T
V689M AE746-T751 (ins A/l) K846R
N700D AE746-T751 (ins VA) L861Q
E709K/Q AE746-S752 (ins A/V) G863D
S720P AL747-E749 (A750P) (40-45%)
%) AL747-A750 (ins P)
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AL747-P753 (ins S)
AS752-1759
(45%)

Fig. 3.2 Different domains of EGFR and various muta-
tions in EGFR gene. Exons 18-21 in the tyrosine kinase
region where the relevant mutations are located are
expanded (represented by the cyan bar), and a detailed list
of EGFR mutations in these exons that are associated with
sensitivity (magenta boxes) or resistance (yellow boxes)
to gefitinib or erlotinib is shown. Occurrence of various
EGFR mutations in NSCLC is shown as percentage (%).
The most prevalent of EGFR kinase domain mutations,
accounting for 45% of EGFR mutations in NSCLC, are
in-frame deletions of exon 19. Another recurrent mutation
is the L858R substitution in exon 21, which comprises

approximately 40-45% of EGFR mutations. Nucleotide
substitutions in exon 18 (for example, G719C or G719S)
account for another 5% of EGFR mutations. The most
noteworthy, clinically relevant mutation in exon 20 is
T790M, which is detected in 50% of the cases (denoted by
asterisk) as a second site mutation associated with
acquired gefitinib and erlotinib resistance. D761Y, a
T790M-like secondary mutation in exon 19 of EGFR, has
also reported to be associated with resistance to gefitinib
and erlotinib in NSCLC cells (Reprinted by permission
from Macmillan Publishers Ltd Nature Reviews Cancer
7(3):169-181; Copyright 2007)
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exon 19 (del E746_A750); together these
account for 90-95% of all mutations in EGFR.
Most of these mutations in the RTK domain are
activating mutations resulting into constitutive
activation of EGFR. Detection of these EGFR
mutations is clinically important because they
have been associated with enhanced sensitivity
to small molecule tyrosine kinase inhibitors
(TKIs) (gefitinib, erlotinib and afatinib) [13,
14]. In contrast, several EGFR mutations pro-
duce resistance to targeted therapy. These
include the missense mutation p.T790M, small
insertions/duplications of exon 20 and missense
mutations at p.S768 and p.V769p [15].
Furthermore, approximately in 30-75% of
samples from NSCLCs, overexpression of EGFR
protein is detected which may be due to epigen-
etic causes (transcriptional hyper-activation),
gene amplification or oncogenic viruses [12].
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3.3.2 AnaplasticLymphoma
Kinase (ALK)

Aberrant ALK expression is detected in a subset
of NSCLC, mostly adenocarcinomas. Most
prevalent ALK alterations are chromosomal rear-
rangements resulting in fusion genes. ALK
fusions arise from fusion of the 3’ half of ALK,
derived from Chromosome 2 that retains its
kinase catalytic domain, and the 5’ portion of a
different gene that provides its promoter [16].
Multiple different 5" partners have been identi-
fied in variety of cancers. In lung cancer, the most
common fusion partner for ALK is EML4 (echi-
noderm microtubule associated protein like-4),
EML4-ALK rearrangements have multiple dis-
tinct isoforms with demonstrated transforming
activity (Fig. 3.3). The three major variants
(v1:E13;A20; v2:E20;A20, and v3; E6;A20)

a
2 6 131415 18 20
L] L1 I
| EML4 |
20
|
| ALK
24 3
| |
| KIF5B | | TEG
b
E20:A20 (v2) | EMLS [ Ak
E6;A20 (V3) | EML4 | ALK
E2a20(vs) | EML4 [ AIK

E13b;A20 (V6) | EML4

[

KIFSB-ALK | KIF5B

[

TFG-ALK | TFG

[

Fig. 3.3 (a) Exons of ALK, EML4 KIF5B and TFG are shown that are involved in chromosomal rearrangement,
(b) Different variants of EML4-ALK and fusion partners with other genes are depicted
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account for more than 90% of all ALK rearrange-
ment in lung cancers. EML4-ALK fusion protein
is detected in 2-7% NSCLC. The frequency of
this genomic alteration is even higher (17-20%)
in the non-smokers [17]. In lung cancers, other
fusion partners of ALK4 such as TFG, KIF5B,
HIPI and KLC1 have been reported [16]. Tumors
with EML4-ALK rearrangement usually lack
mutations in EGFR and KRAS genes. ALK inhib-
itors, crizotinib, ceritinib, and alectinib are effec-
tive in advanced NSCLC with EML4-ALK
translocation [12, 16].

3.3.3 ROS1 (c-Ros Oncogene 1)

ROSI gene is located at chromosome 6q22 and
encodes for a RTK of the insulin receptor family
[18]. It is closely related to ALK and LTK and it
has 80% sequence identity with ALK in their ATP
binding domain. ROS! gene rearrangement leads
to a constitutively activated downstream signaling
leading to oncogenesis [19]. Its gene rearrange-
ment has been reported in several tumors includ-
ing NSCLC [19]. All rearrangements involve the
3’ region of the kinase domain of ROSI and 5’
region of the partner gene. Several fusion partners
of ROS1 has been reported, these include CD74,
EZR, Fig. 3.1, CCD6, KDELR2, LRI3, SDC4,
SLC34A2, TPM3 and TPD52L1 [19]. ROS1 rear-
rangements have been identified in about 0.5-2%
of NSCLC, and more frequently in younger, non-
smoking patients with adenocarcinoma [12].
Crizotinib, an inhibitor of ALK and ROS1 has
demonstrated high efficacy in patients with
ROS1-rearranged NSCLC [12, 19]. Recently, US
Food and Drug Administration (FDA) has
approved the use of crizotimib in the treatment of
ROS] rearranged NSCLC [19].

3.3.4 RET (Rearranged During
Transfection)

The RET, a RTK is involved in cell proliferation,
differentiation and migration [20]. The RET fusion
protein has been detected as a driver mutation in
1-2% of NSCLC, mostly young never smokers

with adenocarcinoma. The presence of RET rear-
rangement in NSCLC is mutually exclusive to
mutation or rearrangement in commonly altered
genes such as EGFR, KRAS, ROS1 and ALK. The
most common fusion partner of RET is KIF5B
(Kinesin family member 5B) [21]. Alectinib is an
approved ALK inhibitor that is also effective for
RET fusion-positive NSCLC [21].

3.3.5 MET

MET encodes for a RTK that activates multiple
signaling pathways involved in cell survival, pro-
liferation, migration and invasion [22]. MET
occurs in 2-7% of NSCLC patients [23] and these
patients show rapid and durable response to crizo-
tinib [24]. MET amplification has also identified
as one of the acquired secondary resistance mech-
anisms in patients treated with TKIs [25].

3.3.6 KRAS (Kirsten Rat Sarcoma
Viral Oncogene Homologue)

KRAS gene is a member of RAS family and it is
one of the most commonly activated genes in lung
cancer. Point mutations in KRAS gene are detected
in 20% of lung adenocarcinoma, more frequently
detected in smokers [26]. Most KRAS mutations
are single base substitutions affecting codon 12,
13 and 61. In lung adenocarcinoma, KRAS muta-
tions are mutually exclusive with EGFR muta-
tions. KRAS mutations have been associated with
poor response rates to EGFR-TKIs [27], however,
direct inhibition of RAS activation failed to show
any clinical efficacy. Therefore, recent studies
have evaluated the downstream target of KRAS,
mitogen-activated protein kinase (MAPK) for the
therapy of NSCLC [28].

3.3.7 PI3K (Phosphatidylinositol-
3-Kinase)

PI3K signaling cascade plays a critical role in
the initiation and/or progression of NSCLC [29].
Mutations in the PIK3CA gene encoding the
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class I PI3K pl110a, are commonly found in a
variety of cancers including lung cancers. In
NSCLC, mutations within PIK3CA usually
occur in exon 9 (E545K and E542K) or exon 20
(H1047R and H1047L), are considered onco-
genic and targetable [30]. PIK3CA mutations
occur in approximately 1-4% of NSCLC, with
higher frequency in squamous cell carcinoma
(8.9%) compared to adenocarcinoma (2.9%)
[30]. Majority of patients with PIK3CA muta-
tions, have additional oncogenic driver muta-
tions [30]. PIK3CA copy number gain is also a
common abnormality in NSCLC, mostly in
squamous cell carcinoma [12].

3.4 Various Techniques Used

in Molecular Diagnostics

A variety of methods can be used to genetic
aberrations including immunohistochemistry,
fluorescent in situ hybridization (FISH), allele-
specific polymerase chain reaction (PCR), quan-
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titative real-time PCR (qRT-PCR), sanger
sequencing and next generation sequencing
(NGS). Each method has its merits and demerits
thus molecular pathologists should consider the
available approaches and the advantages and dis-
advantages of each method including turnaround

time and analytical sensitivity [31].

3.4.1 FluorescentIn Situ

Hybridization (FISH)

The first widely adopted test to detect ALK rear-
rangement was FISH, which has been approved
by the FDA in 2001. FISH using a dual color
“break-apart” probes approach is considered the
gold standard in detecting ALK (Fig. 3.4) and
ROS1 gene rearrangement. The probes label the
5’ (telomeric) part with red fluorochrome and the
3’ (centromeric) part of the fusion breakpoint
with green fluorochrome or vice versa [19].
Several probes can be used to visualize the gene
arrangement, however, regardless of the probe,

Fig. 3.4 Dual-color, break-apart fluorescent in situ
hybridization. The centromeric (green) and telomeric
(red) flank the ALK locus. Splitting of the red and green
signals indicates ALK rearrangement. (a) No EML4-ALK
rearrangement. (b—d) EML4-ALK rearrangements.
A break-apart signal pattern, where one fusion signal and

a single red and green signal pattern was observed in most
nuclei (b and ¢). A few nuclei showed a predominant sig-
nal pattern of deletion of the 5" region (d) (Reprinted by
permission from Biomed Central; Journal of Experimental
& Clinical Cancer Research 2014; 33:109)



34

A.Kumar and A. Tandon

the cutoff for a positive result is 50 tumor cells
with the arrangement. Tissue sections or cytol-
ogy specimens are subjected to a protocol that
labels either side of ALK/ROSI breakpoint locus
with two different fluorochromes (red/green). In
cell nuclei that are negative for gene rearrange-
ment, colored dots overlap and appear yellow,
whereas cell nuclei positive for gene arrange-
ment isolated red and/or green signals are
observed [32]. Break-apart FISH detects a break
in the chromosomal region encoding tyrosine
kinase domain of ALK or ASK/ and it does not
identify specific fusion partners. FISH is a tech-
nically demanding method, which requires spe-
cialized equipment and experienced pathologist
[32]. Until the commercialization of anti-ALK
antibodies, FISH was the most frequently used
and most laboratories continue to use FISH
either as first line test or to validate the results of
IHC [12]. There are few limitations with
FISH. Sometimes, the observed signal is diffi-
cult to interpret or ambiguous and requires more
than 100 tumor cells to get the reliable results.
Thus, this can be more challenging with small
biopsy samples which may not contain few
tumor cells [17].

3.4.2 Immunohistochemistry (IHC)

IHC is a widely used method in all pathology
laboratories. Identifying the tumor histological
subtype has shown to be predictive of response to
certain types of therapy [33]. Both ROSI and
ALK gene rearrangements are present in a low
percentage of cases and can occur with multiple
fusion partners. FISH can detect multiple rear-
rangements by a split signal but is a cumbersome
and expensive method. RT-PCR is also possible
but requires multiple primer sets, and rare rear-
rangements can be missed. Thus, it is possible to
rapidly evaluate ALK and ROSI1 rearrangement
on formalin-fixed tissue sections by IHC, which
is cheaper and easier than FISH. Two clones of

ALK1 antibodies DS5SF3 (Cell Signaling
Technology, Danvers, MA, USA); 54A
(Novocastra, Leica Biosystems) have been

widely used and are reliable [34]. In case of
ROSI expression D4D6 clone shows better

correlation between IHC and FISH data [19, 35].
Furthermore, expression of ALK and ROSI is
low in normal lung tissue, and gene rearrange-
ments are associated with constitutive high pro-
tein expression of ALK and ROS1. Thus, IHC is
an ideal method to screen for lung cancer cases
with ROSI gene rearrangements [28]. ROSI1
expression at THC typically shows finely granular
cytoplasmic and/or membranous staining. Four
tiered scoring system is used to evaluate ALK
and ROS1 IHC data. IHC is less specific than
FISH, thus, to obtain a reliable interpretation cer-
tain pitfalls must be avoided such as false positive
results close to necrotic zones. For quality assur-
ance, validation of the method and inter-
laboratory controls are important considerations.

3.4.3 Sanger Sequencing

Sanger sequencing or chain terminating sequenc-
ing is considered the gold standard for mutation
analysis. Sanger sequencing is performed on
PCR products and requires sequencing primers
spanning the region of interest, DNA polymerase,
nucleotides bases and a low concentration of
modified nucleotide (also known as dideox-
yNTP). All four dideoxy nucleotides (cytosine,
guanine, adenosine and thymine) are labelled
with a different flourophore. In Sanger sequenc-
ing, DNA fragments of different lengths are gen-
erated, which are then separated out with capillary
gel electrophoresis [36]. It is one of the preferred
methods to detect mutations of clinically relevant
genes, such as the EGFR hot-spot mutations.
Sanger sequencing can detect all known and
novel base substitutions, small insertions and
deletions. However, direct DNA sequencing
requires a high ratio of tumor cells to normal
cells (more than 50%) for reliable results.
Furthermore, it is unable to analyze multiple
gene hot-spots simultaneously. To overcome
these problems, multiplexed approaches for
molecular testing, particularly for gene mutation
analysis have been developed [12, 36]. The lim-
ited sensitivity of Sanger sequencing has created
a need for alternative techniques to detect com-
mon mutations, such as well RT- PCR based
assays, pyrosequencing and NGS [37].
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3.4.4 Allele-Specific PCR
and Real-Time PCR

Allele-specific PCR is also known as an
amplification-refractory mutation system. Allele-
specific PCR has the advantage of mutant enrich-
ment, resulting in high sensitivity, which is
essential for mutation detection in samples with a
low tumor cell percentage. It is based on the prin-
ciple that extension is efficient when the 3’ termi-
nal base of a primer matches its target, whereas
extension is inefficient or nonexistent when the
terminal base is mismatched [38]. Furthermore,
combining allele-specific PCR with qRT-PCR
techniques allows monitoring template amplifi-
cation, resulting into improved interpretation of
PCR results [39]. Based on this technology, sev-
eral commercial kits have been developed to
detect mutations in EGFR, BRAF and KRAS
genes. Cobas® EGFR Mutation test (Roche
Molecular Systems) is a FDA approved Kkit,

which is based on allele-specific qRT-PCR assay.
This kit detects 42 mutations in EGFR gene in
exons 18-21 in DNA extracted from formalin-
fixed paraffin-embedded tissue samples. These
mutations include exon 19 deletions and L858R,
T790M, G719X, exon 20 insertions, S768I and
L861Q. Cobas EGFR mutation test kit is based
on Tagman chemistry, where two target specific
primers flanking the region of interest and a third
sequence specific probe, which hybridizes within
the area of interest. The probe is labelled with a
reporter fluorophore on 5’ end and a quencher on
the 3" end. When the reporter dye and quencher
are in close proximity, quencher prevents the flu-
orescence signal of reporter dye. The exonucle-
ase activity of Taqg DNA polymerase, cleaves the
probe resulting in the separation of reporter dye
and quencher, allowing reporter dye to emit fluo-
rescence signal. Algorithm for the detection of
EGFR mutation in adenocarcinoma is described
in Fig. 3.5 [40].
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Fig. 3.5 Algorithm for detection of EGFR mutations in clinical practice (Reprinted by permission from Elsevier;
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The therascreen EGFR kit (Qiagen, Hilden,
Germany) is another allele specific qRT-PCR
assay. This kit detects 29 mutations in EGFR gene
cover 4 exons 18-21. The mutation detected by
this kit include G719X (X =S, A or C) in exon 18,
deletions in exon 19, 3 insertions in exon 20,
T790M andS7681 in exon 20, L858R and L861Q
in exon 21. This kit utilizes ARMS method and
Scorpions chemistry for the detection of these
mutations. Scorpions are molecules that contain a
PCR primer linked to a probe (labelled with
reporter dye and quencher). When the Scorpion
primer bind to the ARMS amplicon, it starts
primer extension resulting separation of reporter
dye from the quencher resulting into release of
fluorescence [36]. Several other CE approved kits
such as PNAClamp™ EGFR Mutation Detection
Kit (Panagen Corp, Daejeon, Korea), RealLine
EGFR-7R (Bioron Diagnostics, Ludwigshafen,
Germany) have also been developed for EGFR
mutation detection. Targeted assays are also avail-
able for KRAS and BRAF from Qiagen and Roche.

Reverse Transcription PCR (RT-PCR) method
is also used to detect rearrangement in ALK and
ROSI gene [17, 19]. Several factors affect the
sensitivity and specificity of RT-PCR for gene
rearrangement, but mainly by the quantity and
quality of the extracted RNA. RT-PCR is a sensi-
tive technique for detection of some EML4-ALK
variants but it is not currently advocated for rou-
tine use as it may not detect ALK fusions with
rarer fusion partners [33]. It has an advantage
over IHC and FISH that it is free from subjectiv-
ity of the analysis.

3.5 Emerging Technologies
for Molecular Diagnostics
3.5.1 High-Throughput

Multiplexing Assays

High-throughput targeted assays have been devel-
oped to screen mutations in EGFR, KRAS, NRAS
and BRAF genes. These include MassARRAY
iPLEX HS (Agena Bioscience, San Diego, CA,
USA) and SNaPShot (Applied Biosystems).
Agena MassARRAY system is based on PCR and

allele specific single base primer extension. Each
nucleotide having a defined molecular mass is
added to the primer and the primer extension
products are analyzed using the principle of
matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF). The TOF is proportional
to the mass/charge ratio which is translated into a
specific genotype call [36, 41]. MassARRAY
iPLEX HS facilitates mutation detection as low as
1% allele frequency even from poor quality and
degraded samples such as FFPE tissue, FNA, and
cytology blocks and it requires only 10 ng of
DNA. iPLEX HS Lung Panel covers 70 mutations
in five genes including EGFR, BRAF, KRAS,
ERB2 and PIK3CA. The MassARRAY
LungFUSION Panel offers a rapid screening
method for detecting an oncogenic fusion partner
in ALK, RET and ROSI genes.

The SNapShot platform is based on multiplex
PCR and single base primer extension using fluo-
rescent labelled probes. Primer extension prod-
ucts are then detected by capillary electrophoresis.
The SNapShot panel analyzes smaller panel of
mutations and genes (~10 mutations) compared
to the Agena MassARRAY system. The work-
flow of SNapShot platform is simpler than Agena
MassARRAY system, however the main disad-
vantage of SNapShot platform is the limit to the
number of assays that can be multiplexed.
Furthermore, it is not designed to detect dele-
tions, insertions and amplifications [30].

3.5.2 Next Generation
Sequencing (NGS)

NGS is high-throughput method, which allows
massive parallel sequencing that affords maximal
tumor genomic assessment. NGS approach is uti-
lizes to sequence both DNA and RNA. DNA
sequencing includes whole genome, whole
exome, epigenome and targeted sequencing.
RNA sequencing allows whole transcriptome
analysis which provide information of alternative
spliced transcripts, gene fusion, mutations, SNPs,
small and long non-coding RNAs and changes in
gene expression [42]. NGS is rapidly changing
the paradigm of lung cancer research and patient
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care. Presently, several NGS platforms are avail-
able these include Ion Torrent systems
(ThermoFisher Scientific, Waltham, MA, USA)
and [llumina HiSeq 2500 (Illumina Inc., San
Diego, CA). A variety of genomic aberrations
such as point mutations, small and large inser-
tions/deletions, copy number variations, fusion
transcripts can be detected with high accuracy
and sensitivity. Each of the available platforms
uses different sequencing chemistry for signal
detection; irrespective of the method used, the
sensitivity of NGS is much higher than Sanger
sequencing. Currently, clinical application of
NGS is hampered by computational bioinformat-
ics challenges to analyze the large amount of data
generated [12, 42]. The Oncomine™ Dx Target
Test is a FDA-approved [43] NGS test that uses
targeted high throughput, parallel-sequencing
technology to detect single nucleotide variants
(SNVs) and deletions in 23 genes from DNA and
fusions in ROS1 from RNA isolated from FFPE
tumor tissue samples from patients with NSCLC
using the lon PGM™ Dx System (ThermoFisher).

3.5.3 Liquid Biopsy

In order to create a molecular profile of a tumor,
a biopsy or several biopsies may be required.
Recurrent biopsies are invasive and may miss
parts of the tumor that are developing resistance
to the treatment or have acquired new driver
mutations. Studies have revealed that tumors
have significant molecular heterogeneity, with
cells from portion of a tumor having different
mutations than other areas [44]. Therefore, mini-
mally invasive modalities that could guide early
detection, follow patients regularly, allow early
emerging treatment assessment and identify new
driver mutations would be useful in the manage-
ment of lung cancer [45]. Analysis of blood-
based biomarkers including circulating cell-free
tumor DNA (cfDNA), circulating tumor cells
(CTCs) and tumor-educated platelets (TEPs)
suggest that these biomarkers may facilitate
early detection of lung cancer with frequent
monitoring. cfDNA gives ladder-like appearance
on electrophoresis due to presence of multimers

of 180 base pairs (bps) DNA ladder, possibly
arising from apoptotic cells [46]. However, other
studies have shown that a significant portion of
tumor-derived cfDNA is smaller than 145 bps,
which suggest non-apoptotic origin of cfDNA
[47]. Though, tumor cfDNA is present in blood,
lymph, milk, spinal fluid, urine and saliva.
However, sample for cfDNA is collected by phle-
botomy in EDTA vials and cfDNA is extracted
from plasma. Tumor cfDNA is analyzed by vari-
ety of techniques including droplet digital PCR
(ddPCR), qRT-PCR, peptide nucleic acid-locked
clamp PCR (PNA-LNA) and NGS. Analysis of
cfDNA could be challenging as it can make up as
little as 0.01% of the total cfDNA pool [44].

Analysis of cfDNA has several applications in
the management of lung cancer including analyz-
ing tumor molecular heterogeneity, monitoring
disease burden and prognosis [44]. A study used
ddPCR to analyze EGFR mutations in cfDNA and
compared it with conventional tissue biopsies
[48]. Interestingly, ddPCR cfDNA analysis could
detect EGFR mutation in 34% additional patients
that were otherwise negative by tumor biopsy
analysis [48]. However, recent studies have shown
variable sensitivity and specificity for different
EGFR mutations by cfDNA ddPCR [49, 50].
Further, a study showed that plasma cfDNA levels
were higher in NSCLC patients (prior to tumor
resection) compared to healthy individuals [51],
plasma cfDNA levels were decreased in NSCLC
patients after tumor resection [51]. The EGFR
mutation detection rate in pleural fluid by ddPCR
is better than both the direct sequencing and
ARMS PCR [52]. Liquid biopsy by qRT-PCR
showed a reduction in the sensitizing EGFR muta-
tions (L858R or ex19Del) and concomitant
increase in T790M (EGFR resistant mutation) in
THI-treated patients. With liquid biopsy, T790M
mutations could be detected as early as 344 days
before clinical lung cancer progression was evi-
dent. Therefore, persistent monitoring for T790M
may allow the earlier detection of TKI-resistant-
related lung cancer progression [53]. The cobas®
EGFR Mutation Test v2 CE-IVD (Roche) is the
first FDA approved test which identifies 42 muta-
tions in exons 18, 19, 20 and 21 of the EGFR gene
using plasma as a sample [43].
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Liquid biopsy approaches hold great potential
in lung cancer diagnostics. Currently, several
challenges must be resolved before the liquid
biopsy can enter clinical practice. These
challenges include (a) optimizing and standard-
izing sample collection (b) implementing uni-
form analytical procedures (c) identifying the
analytes in the various body fluids to yield clini-
cal information (d) performing the large multi-
centre clinical trials necessary for validating
specific analysis protocol [44].

3.6 Challenges

Molecular testing in lung cancer patients is of
undeniable benefit; however, it is not without its
pitfalls. Obtaining adequate tissue for diagnosis
and molecular testing is a key for management of
lung cancer patients. Usually, the large tissue
samples obtained via open thoracotomy are of
sufficient quantity and quality. However, the
tumor is not always easily accessible in patients
presenting with a probable lung cancer. Thus, in
patients with advanced diseases sample is col-
lected by CT guided or US guided endoscopic
biopsy or with fine needle aspiration. The sample
quality and quantity from needle biopsy is the
most limiting for histological and molecular test-
ing [32]. Earlier, only two molecular markers,
EGFR mutation testing and ALK rearrangement
by FISH were the FDA approved standard of care
tests for NSCLC [33]. Whether molecular analy-
sis is successfully performed depends on the pro-
portion of tumor cells compared to total nucleated
cells, absolute number of tumor cells and the
method used for molecular testing [32]. Macro-
or microdissection may be performed to increase
the tumor cells in the sample. Each type of
molecular test has its advantages and disadvan-
tages. Thus, mentioning the limitations of an
assay along with the result is useful for clinical
interpretation. Sanger sequencing without any
enrichment procedure has lower limit of muta-
tion detection of 10-25% of total DNA. Samples
with low tumor number can result in false nega-
tive mutation calls. On the other hand, highly
sensitive methods which can detect mutations in
low tumor cellularity samples (<10%) can give

false positive results [32]. Resistance to EGFR
TKIs is due to acquisitions of secondary muta-
tions in EGFR or other driver genes. Due to
inherent heterogeneity in lung cancer, multiple
resistance mechanism may exist in the same per-
son in different lesions. Thus, single sample may
not be sufficient to determine the cause of TKI
resistance and it may require multiple sample
collections [32].

Several factors affect the sensitivity of assays
for hot-spot mutation detection is a key issue in
molecular diagnostics due to several limitations
of tumor samples: the poor quality of the DNA
extracted from formalin fixed paraffin embedded
(FFPE) tissues, the low quantity of DNA avail-
able, and the contamination of tumor sample by
non-neoplastic cells carrying wild type alleles.
Laboratories must incorporate molecular testing
methods into their overall laboratory quality
improvement program. In particular, laboratories
should participate in a formal proficiency testing
program [31].

The Cancer Genome Atlas (TCGA) data for
squamous cell carcinoma [54] and adenocarci-
noma are likely to increase the number of muta-
tions being tested in clinical trials. Large
multicenter trials need to be carried out to evalu-
ate the clinical benefit of new novel mutations.

3.7 Quality Control for Molecular
Pathology Testing for Lung

Cancer

These guidelines are adopted from the College of
American Pathologists, International Association
for the Study of Lung Cancer, and Association
for Molecular Pathology which were published
in 2013 and under revision [55, 56].

3.7.1 Pre-analytical

Recommendation Pathologists should select
and utilize tissue sparing techniques to preserve
tumor tissue for diagnosis and to enable subse-
quent lung cancer biomarker testing. It should
use FFPE, fresh, frozen specimen, cell block and
cytology preparation for lung cancer biomarker
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molecular testing. Other tissue treatments, such
as acidic or heavy metal fixatives, or acid decalci-
fying solutions, should be avoided.

Expert Consensus Opinion Pathologists
should select and assess the tumor content ade-
quacy of each specimen for biomarker testing. If
tumor content is inadequate then pathologist
should perform, microdissection for tumor cell
enrichment and assess nucleic acid quality and
quantity. Specimens should be received within 3
working days from histopathology lab and rec-
ommended turnaround time should be 2 weeks.
In patients with multiple, apparently separate,
primary lung adenocarcinomas, laboratories may
test each tumor, but testing of multiple different
areas within a single tumor is not necessary.

3.7.2 Analytical

Strong Recommendation Laboratories should
not use total EGFR expression by IHC testing for
copy number analysis to select patients for
EGFR-targeted tyrosine kinase inhibitor therapy.

Recommendation Laboratories testing for
EGFR T790M mutation in patients with acquired
resistance to EGFR-targeted kinase inhibitors
should deploy assays capable of detecting EGFR
T790M mutations in as little as 4% of viable cells
(2% of EGFR alleles). When performing ALK
testing, physicians can utilize IHC as an equiva-
lent alternative to FISH. In some clinical settings
in which tissue is limited and/or insufficient for
molecular testing, physicians may use a cell-free
plasma DNA (cfDNA) assay for EGFR.

Expert Consensus Opinion Clinical EGFR
mutation testing should be able to detect all indi-
vidual mutations that have been reported with a
frequency of at least 1% of EGFR-mutated lung
adenocarcinomas. In some clinical settings in
which tissue is limited and/or insufficient for
molecular testing, physicians may utilize a
mutation-specific [HC assay for EGFR testing.
Laboratories should employ, or have available at
an external reference laboratory, clinical lung can-
cer biomarker molecular testing assays that are

able to detect molecular alterations in specimens
with as little as 20% cancer cells. Physicians may
use ROS1 THC as a screening test in lung adeno-
carcinoma patients; however, positive ROS1 IHC
results should be confirmed by a molecular or
cytogenetic method. Pathologists should partici-
pate in the interpretation of FISH, either by per-
forming the analysis directly or by reviewing the
interpretations of cytogeneticists or technologists
with specialized training in solid tumor FISH
analysis. Physicians may use cell-free plasma
DNA (cfDNA) methods to identify EGFR T790M
mutations in lung adenocarcinoma patients with
progression or acquired resistance to EGFR-
targeted tyrosine kinase inhibitors; testing of the
tumor sample is recommended if the plasma result
is negative. Multiplexed genetic sequencing pan-
els are preferred over multiple single-gene tests to
identify other treatment options beyond EGFR,
ALK, and ROSI.

No Recommendation There is currently insuf-
ficient evidence to support the use of circulating
cell-free plasma DNA (cfDNA) molecular meth-
ods for the diagnosis of primary lung adenocarci-
noma. There is currently insufficient evidence to
recommend IHC or FISH testing for ERBB2
(HER2) amplification or expression status to
guide selection of therapy in lung adenocarci-
noma patients. There is currently insufficient evi-
dence to support the use of circulating tumor cell
(CTC) molecular methods for the diagnosis of
primary lung adenocarcinoma.
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4.1 Introduction

In the last few decades, despite all the progress in
basic and advanced research, cancer still remains
the major challenge of medical science. However,
understanding of its initiation and progression
has grown tremendously, still more efforts are
needed to reach up to the application level. The
onset of the disease marks a plethora of molecu-
lar alterations, including several genetic muta-
tions, loss-of-function of many crucial proteins,
dysregulated cellular pathways and abnormal
metabolism [1]. In fact, cancer is a very broad
term, which encompasses a number of diseases
occurring in different tissue types with some
common underlying features. Advancement in
research and diagnostic tools led us to describe
this disease as an outcome of several genetic
alterations, which provide cells with advanta-
geous gain-of-survival factors and mechanisms
giving them with uninterrupted division capacity
even under stress conditions [2]. Failure in the
maintenance of normal homeostatic conditions
due to poor cellular quality control adds up to the
severity of the disease condition, whereas the
immune system of the organisms supports the
growth and metastasis of cancer cells and tissues.
For a long time, surgery and radiotherapy were
two widely used methods for patients with vari-
ous grades and stages of cancer [3]. But, the last
few decades have provided us with multiple
classes of chemotherapeutic molecules to target
affected molecular pathways and kill the cancer
cells [4].

Charles Huggins first time attempted molecu-
lar targeting of cancer by inventing, designing
and applying several translational approaches in
the oncotherapy [5]. Advances in biochemical,
computational and imaging techniques facilitate
us to understand the underlying causes and
affected molecular pathways in most of the can-
cers in a better and more elaborative manner [6].
Experts from different backgrounds have started
looking onto the etiology and progression of the
disease with their own viewpoints. A summa-
rized overview of the causes and mechanism of
cancer onset and several associated cellular
changes during the progression of the disease and

crucial brain tumor causing factors has been rep-
resented in Fig. 4.1. After so many years of
research, several therapeutic approaches have
been devised for cancer treatment, e.g. radiother-
apy, chemotherapy, hormonal therapy, immuno-
therapy, combination therapy, and many more
[7]. Owing to the progress in genomics and pro-
teomics, various new molecular targets are con-
tinuously added in the category of probable
druggable molecules. But, unfortunately, none of
the approaches and therapeutic models for the
prevention of disease initiation and progression
has got enough success [8]. Those, which are
already in trials and practice, are reported with a
number of toxic side effects on normal cells and
tissues, and this is one of the major challenges for
scientists and clinicians working in the area of
cancer therapeutics and drug development [9].
To identify and diagnose the disease at an
early stage, classify and grade them according to
their stage, and target the tumor in a more spe-
cific and accurate manner are other areas of con-
cern where the current status of medical science
falls short of understanding and combating this
biological problem [10]. Therefore, clinical sci-
entists need to develop effective tools and effi-
cient techniques to address the aforementioned
obstacles in cancer detection and treatment. In
last one decade, identification of biomarkers and
their prospective applications in current models
of disease therapeutics has been welcomed with
significant success in early detection and diagno-
sis of the disease, followed by personalized med-
ical treatment and follow up of patients with
different types and grades of cancer [11]. Further,
several contemporary cutting-edge molecular
advancements have added more productivity and
precision in the development of future therapeu-
tic tools. For example, integration of genomic
and proteomic knowledge in pinpointing the spe-
cific genetic mutations has accelerated the pro-
cess of identification of the respective biomarkers
of several types of cancer. In pursuit of identify-
ing prospective biomarkers for cancer, multiple
cellular systems and pathways have been targeted
so far and several genes have been investigated in
detail for their perspective roles as putative diag-
nostic tools in upcoming years of research.
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and internal factors, causing cancer are represented in
square boxes. The alterations generated by these cancer-

In furtherance, cellular protein quality control
(PQC) systems are crucial components to main-
tain the overall homeostasis of the cells and any
irregularity or imbalance in the functioning of the
components of these pathways may result in sig-
nificant loss of cellular and organism health [12].
The dysregulated ubiquitin proteasome system
(UPS) and autophagy have been acknowledged
for their contribution in initiation and progres-
sion of cancer and several other diseases.
Components of these systems have been found to
be significantly upregulated or downregulated in
patients diagnosed with different cancers [13,
14]. Identification and characterization of these
molecules and pathways would benefit us in
developing and expanding a new area of research

causing factors are shown in the outer circle; whereas
common pathway of tumor formation is represented in the
inner circle

with a huge potential of modulating several cel-
lular and molecular pathways [15].

In brain tumors like medulloblastoma and
glial cell tumors, oncoproteins stabilization in
absence of UPS regulation is often reported in
adults and children [16]. UPS components,
including few E3 ubiquitin ligases, are key regu-
lators of glioma cell cycle and may help to pre-
vent cancer progression via regulating various
target proteins [17]. Expression levels of few E3
ubiquitin ligases including SKP2, Huwel,
FBW7, and p-TrCP were found to be altered in
medulloblastoma, which signifies the impor-
tance of UPS pathway and its components in cell
cycle regulation and tumor suppression in brain
cells [18]. Similarly, autophagy pathway and its
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indispensable roles have also been explored in
glioma to utilize this pathway of bulk protein
degradation in therapeutics of glioma and other
associated brain cancers [19]. Hence, many stud-
ies have been done to exploit proteasome and
autophagy pathways in the past, in order to
achieve the cumulative target of preventing
uncontrolled cell division and eliminate cancer-
ous cells [14, 20]. Notable success has been
observed when certain autophagy inhibitors had
been given to mice models with different malig-
nancies and cancer types [21, 22]. Proteasome
inhibitors (e.g. bortezomib) have already been
approved by the FDA and are in clinical practice
with many other similar molecules being under
trials [23]. E3 ubiquitin ligases are other poten-
tial targets, which could be targeted for next gen-
eration molecular therapy for exploitation of
their large variety of functional control on differ-
ent cellular pathways and mechanisms [24, 25].
In recent years, many of them have been pro-
posed as probable biomarker candidates, which
we are discussing in further sections of the text;
summary has been provided in Box 4.1.

Box 4.1 Summary

* Biomarkers are the crucial early diagno-
sis tools for brain tumors and various
other types of cancers.

e Biomolecules and chemicals produced
by cancer cells generally function as
biomarkers. On the basis of applica-
tions, three broad categories of biomark-
ers are: prognostic, predictive and
pharmacodynamic.

* Multiple advanced methods and tools
were developed with time to identify
biomarkers at different levels including
gene, protein and metabolite analysis.

e Failure or improper functioning of
Protein Quality Control pathways: UPS
and autophagy were found to be associ-
ated with multiple cancer types, along
with brain tumors.

* E3 ubiquitin ligases, the key component
of Ubiquitin Proteasome System plays

V. Joshi et al.

critical roles as biomarkers in the detec-
tion of tumor by their altered expression
or regulation of substrate proteins.

e The potential of E3 ubiquitin ligase
families (HECT, RING, U-box, and
PHD) and their member E3s as probable
biomarkers for different cancer types is
still unexplored and needed to be a thor-
oughly investigated.

What Are Biomarkers

and How Are They Helpful
in the Early Diagnosis

of Tumors?

4.2

Cancer is a categorical term for the representa-
tion of an array of diseases that are developed due
to simultaneous modifications in several genes of
a particular cell type, providing them an advanta-
geous survival capacity with uncontrolled cellu-
lar division [1, 26].

Etiology of cancer consists of a cluster of
internal and external factors, making it hard to
detect the transformational changes in normal
cells at earlier stages and if detected, it is difficult
to efficiently pinpoint the actual stage of the dis-
ease progression [27, 28]. Therefore, clinical
oncology needs the development of techniques
that can selectively recognize and target trans-
formed cells, preferably by identifying the altered
molecular signatures [29-31]. Biomarkers are a
similar translational medicinal tool, used widely
for the detection and localization of cancers with
high selectivity. They also assist in the prognosis
and individualization of the treatment with
increased specificity and affordability [10, 11].
Malignant tissues are unique in the way of mole-
cules and chemicals they produce i.e. proteins,
metabolites, carbohydrates etc. either in secretary
or accumulated form in the response of microen-
vironment, which indicates the progression of the
disease. These can be detected qualitatively or
quantitatively in different body fluids through
various molecular and biochemical techniques
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Biomarkers: Advanced Translational Tools in Cancer Therapeutics
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Currently, available biomarkers could be categorized into
different classes based on their potential applications. (c)

[32-34]. Figure 4.2 summarizes various
categories, characteristic features and possible
applications of biomarkers. It also depicts the
multi- stage process of how a biomarker is identi-
fied, characterized, designed and validated before
reaching up to a stage of clinical trial.

Several genes, proteins, enzymes, hormones,
carbohydrate moieties and a few oncofetal anti-
gens have been recognized by date as potential
biomarkers [35, 36]. Despite progress in molec-
ular methods of cancer biomarker identification,
finding a universal biomarker, in place of indi-
vidual cancer specific marker is still a big
challenge, which needs more efforts in near
future. Recent advancements in the genomic,

Desirable characteristic features of suitable biomarkers.
(d) The flow chart presented here shows a stepwise plan of
assessment and treatment of cancer. (e) Conventional
diagnostic tools for cancer. (f) Advanced translational
medicinal approaches against cancer. (g) Schematic over-
view of the steps involved in identification, assess-
ment, and validation of a biomarker

proteomic and molecular imaging tools have led
to the development of a better molecular under-
standing of the disease progression. These tech-
niques have also assisted in developing many
non-invasive tools for early-stage molecular
profiling of cancer patients [37, 38]. But, selec-
tion of specific diagnosis tools, and the predic-
tion of which preventive therapeutics should be
applied in a particular case, still remains a chal-
lenge for scientists [32, 39]. Tumor biomarkers
have provided an edge to the oncologists in
making these decisions. Based on applications,
tumor biomarkers could be classified into three
broader categories, which are briefly mentioned
below [37, 40].
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4.2.1 Prognostic Biomarkers

The kind of biomarker which predict about dis-
ease progression, recurrence and death without
any dependency on the type of treatment, are
known as prognostic biomarkers [41, 42]. These
biomarkers may lead to the information about the
actual course of the disease and assist in making
a decision of which patients should be treated and
how aggressive therapeutic approach should be
applied [32, 43]. There are numerous genes and
proteins, like Breast cancer gene 1 (BRCAT1) for
breast cancer, cyclin D1 for bladder, Her3 for
melanoma that has been identified in multiple
studies as prognostic biomarkers and used for
clinical purposes, but still, the exact response of
the patients is difficult to determine [44].

4.2.2 Predictive Biomarkers

If the presence or absence of any biomarker
changes the treatment effect, then those biomark-
ers reside under the category of predictive bio-
marker [41]. Predictive biomarkers assist the
selection of particular therapy based on the spe-
cific mutation or polymorphism in a specific can-
cer type and predict the scope and success of the
treatment [43]. The alternative nomenclature of
predictive biomarkers is response biomarkers as
they help in identifying the type of treatment and
also assess the effect of any particular treatment
method [42, 45]. The genes, like p53, PTEN,
Her2/neu etc., come under the class of predictive
biomarkers for their crucial roles in the predic-
tion of the therapy required [44].

4.2.3 Pharmacodynamic
Biomarkers

Biomarkers specifically facilitating the selection
of chemotherapeutic drug doses are known as
pharmacodynamic biomarkers [42]. Assessment
or evaluation of the drug potency, as well as
selection and measurement of that drug dose for
drugs in the trail, is the major advantage of phar-
macodynamic biomarkers [46]. Biomarkers of
this class provide information about the effect of

drugs on their targets, to evaluate the failure or
success of drugs used in targeted therapies [47].
Pharmacodynamic biomarkers give a new direc-
tion to tumor drug development on the basis of
target gene expression [48]. The direct impact of
these biomarkers in therapeutic application,
make them applicable for multiple clinical bene-
fits in near future [49].

4.3 Methods, Tools
and Challenges Associate
with Biomarker Detection

Approaches

To identify biomarkers for cancer, various meth-
ods have been developed with time to assess the
expression levels, both quantitatively as well as
qualitatively, for different types of biomolecules
[50, 51]. In last two decades, a large number of
molecular techniques and advanced engineering
tools have been discovered and used in clinical
laboratories to identify biomarkers for different
types of cancers [52]. Here, we are providing a
brief overview of common molecular methods
used in the identification of the biomarkers.

4.3.1 Gene Analysis

Quick and commonly used method of biomarker
identification is microarray based genome analy-
sis of specific tissue samples or whole proteome
analysis to give information of the possible bio-
markers [53, 54]. Microarray analysis also gives
gene expression profiling of particular cancer
type to distinguish highly expressed genes, which
may function as prognostic biomarkers [55, 56].
Traditional microarray technique has been modi-
fied in multiple ways over the years to develop
protein biomarker detection methods [57, 58]. As
microarray analysis is used for whole genome
analysis, various other methods were developed
for the individual sequence analysis, such as PCR
(polymerase chain reaction) and its variations
like real-time RT-PCR (reverse transcriptase-
PCR), competitive RT-PCR and gradient PCR
etc. to obtain accurate detection of various types
of cancers [59, 60].
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4.3.2 Proteome Analysis

Proteins either in normal functional or in mutated
forms are recognized as the second level of can-
cer biomarker, which could be identified and
validated by multiple advanced techniques [61,
62]. Earlier, the basic techniques, like western
blotting and 2D gel electrophoresis that separate
the proteins according to charge and molecular
weight, were commonly used for biomarker
detection [63, 64]. Advancements in 2D gel elec-
trophoresis and mass spectrometry methods have
given a new direction to proteomics-based bio-
marker identification in various types of cancers
[65]. Other methods like isotope tagging, mag-
netic beads, free flow electrophoresis are also
used for cancer biomarker detection [66]. Other
widely used methods in clinical practice for
detection of biomarker proteins are immunohis-
tochemistry (IHC) and immunocytochemistry,
which is now combined with computer- assisted
quantification methods for better analysis [67,
68]. Different versions of mass spectrometry, like
Matrix Assisted Laser Desorption/Ionization
(MALDI) and electron transfer dissociation are
advanced methods for cancer biomarker discov-
ery [69]. Fluorescence in situ hybridization is one
of the recent techniques, which is playing impor-
tant roles in the detection of specific biomarkers
for neoplasms; and hence are participating in the
development of personalized medicines [70, 71].

4.3.3 Metabolite Analysis

In last few years, extended research on various
metabolic pathways suggests plasma metabolites
as possible biomarkers for pancreatic cancer [72].
Serum and plasma are commonly used for the
study of metabolites in developing metabolomic
technologies, which help in biomarker detection
for multiple cancer types [73]. Gas chromatogra-
phy (GC)-MS, GC to time-of-flight (TOF) mass
analyzers and mass spectrometry based kits are in
frequent use currently to detect metabolite cancer
biomarkers [52]. Another latest technology pre-
pared to identify lung cancer patients is metabolic
biomarker identification using Protein Elution
Plate (PEP) [74]. Monitoring the presence of

circulating tumor cells or T regulatory cells in the
bloodstream could be a possible strategy in under-
standing and detecting cancer progression.
Similarly, the occurrence of cancer antigens in the
bloodstream and urine, e.g., prostate-specific anti-
gen, cancer antigen 19-9, and human chorionic
gonadotropin could have potential applications as
cancer biomarkers [32].

Biopsy is another important detection strategy
that provides a definitive diagnosis of cancer in a
suspicious area. In this method, a tissue sample is
removed from the area to be diagnosed and is
assessed in the laboratory through techniques like
microscopic imaging. Depending on the tissue or
region to be analyzed, various procedures have
been developed to collect tissues; for example,
needle biopsy, endoscopic biopsy and bone mar-
row biopsy [75-77]. Besides these conventional
techniques, tremendous advancements have been
made in the area of biosensors for early detection
of cancers, such as, molecularly imprinted poly-
mer based sensors, which give low cost stable
method to detect target molecule with high affin-
ity. Biosensors made by proteins, DNA and RNA
for accurate assessment of effective therapeutic
methods against cancer progression, and metasta-
sis [78, 79]. Designing detection techniques based
on multiplexing, i.e. use of more than a single bio-
marker will overcome few shortcomings of tradi-
tional methods, e.g. specificity and accuracy issues
of sensors that are generated due to the complexity
of the biological system [80]. Apart from these
technologies used for biomarker detection, tech-
niques like fluorescence tagging, molecular imag-
ing, nanoparticle development, bioinformatics
predictions also have prominent roles in the identi-
fication, detection and therapeutic applications of
various biomolecules [52].

4.4 The Protein Quality Control
Mechanism and Its

Association with Cancers

Genetic information encoded in the genes is
translated into proteins via mRNA at ribo-
somes with utmost accuracy. The cellular QC
systems start their functions at mRNA level to
achieve the healthy set of cellular molecules in
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the cytoplasmic milieu [81]. Failure in this proce-
dure due to any internal or external factor may
cause accumulation of aberrant or misfolded pro-
teins inside the cells; therefore, to prevent this,
cells have evolved various strategies against pro-
tein aggregation [82]. The quality control
machinery makes crucial decisions on the refold-
ing or elimination of these aberrant proteins and
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maintains the homeostatic condition inside the
cell [83-85]. The two major pathways of cellular
PQC system are UPS and autophagy [86]. PQC
systems do have a significant contribution in the
carcinogenesis and they also play a significant
role in the regulation of cancer cell metabolism
[87]. Figure 4.3 represents how cellular PQC
components effectively maintain the proteostatic
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balance inside the cell, under various proteotoxic
stress conditions. In further subsections, we are
describing how these two crucial pathways are
linked with maintenance of cellular homeostasis
and their slight abnormality may lead to improper
cellular health.

44.1 Autophagy

The complex role of autophagy in cancer has
made it difficult to be utilized in cancer therapeu-
tics and diagnosis. Autophagy is a cellular cata-
bolic process having the ability of self-destruction,
which enables cells to get rid of cellular waste,
such as, toxic proteinaceous inclusions and
defective cellular organelles [14]. Autophagy is
an important process that plays a crucial role in
organism development and cellular protection
from environmental and other stresses. It also
plays critical roles in developmental processes
and diseases, like neurodegeneration and immu-
nological disorders etc. [88, 89]. Initially, the
mechanism of autophagy involves sequestration
of cytoplasmic material or organelles through
double membrane structures, termed as autopha-
gosomes. In the next step, the autophagosome
vesicle further fuses with a lysosome containing
digestive enzymes; which help in the degradation
of sequestered material into basic units, such as
amino acids or nucleotides that can be further
reused by the cell for its maintenance [90, 91]. In
normal tissues, the basal level of autophagy aids
in cellular homeostasis maintenance and distur-
bances in autophagic pathways may have cancer-
promoting effects.

It has been reported that disruption of the
autophagy gene beclin-1 resulted in the promo-
tion of tumorigenesis in a mice models [92, 93].
Similarly, other studies have also shown the roles
of autophagic degradation pathways in tumor
suppression [93-95]. Although so many possible
links between autophagy and cancer have been
identified, still a clear and definitive picture of
direct methodological linkage is missing.
Autophagy helps cancer cells to survive under
nutrient-deprived conditions; contrary to that a
mutation in autophagy genes may result in the

development of cancer [96]. The role of autoph-
agy genes in cancer prevention gives a new direc-
tion to studies, where inducing autophagy by
chemotherapeutic agents, such as, sodium butyr-
ate and suberoylanilide hydroxamic acid etc., and
naturally derived molecules like resveratrol and
saponins have shown potential in reducing the
growth of cancer. Surprisingly, different autoph-
agy inhibitors, such as chloroquine, hydroxy-
chloroquine, bafilomycin Al etc. are also found
to be effective in suppressing the growth of breast
cancer cells [97]. Recently, it was reported that
inhibition of autophagy may overcome the resis-
tance developed due to BRAFV600E inhibition
in pediatric brain tumors [98, 99]. Autophagy
modulation also regulates chemosensitivity in
this type of brain cancer [100].

A recent study has provided prognostic rele-
vance of autophagy proteins light chain 3 (LC3),
p62, beclin-1 and Unc-51 like autophagy activat-
ing kinase 1 (ULK1) by immunoexpression anal-
ysis in Kirsten Rat Sarcoma Viral Oncogene
Homolog (KRAS) mutated colorectal cancer
patients, where the correlation between expres-
sion of these proteins was studied with overall
survival of patients [101]. Similarly, it has been
proposed that LC3 can be used to identify autoph-
agy status in residual breast cancer cells after
neoadjuvant chemotherapy (NCT), which may
help in determining the risk of disease relapse or
death [102]. Single nucleotide polymorphism
study on seven core autophagy genes like ULK1,
beclin 1, Atgl2 etc. in prostate cancer patients
signifies role of autophagy pathway in cancer
biomarker development and detection of recur-
rence after therapy [103, 104]. Autophagy pro-
teins LC3A, p62 were also studied in different
types of thyroid cancers by microarray and
immunohistochemical analysis, which showed
variation in expression of these proteins in differ-
ent types of thyroid cancers, hence, these are pos-
sible biomarker with a specific cancer type [105].
Analysis of LC3 and beclinl in breast cancer
cells reported higher immunoreactivity in cancer
cells; whereas baseline level of beclinl was found
to be associated with poor pathological and clini-
cal responses [106]. These studies provide con-
siderable evidence of the utility of the autophagy
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mechanism in designing cancer treatment strate-
gies. However, to translate these into clinical
tools, further work is required. Analysis of
autophagy proteins in detail will help in explor-
ing more links between autophagy proteins and
cancer types. This may provide basic aid in
designing novel biomarkers and treatment meth-
ods for cancer therapy.

4.4.2 Ubiquitin Proteasome System

Ubiquitin proteasome system is another protein
quality control mechanism, which works inde-
pendently or synergistically with autophagy to
prevent the occurrence of several complex dis-
eases, including cancer and neurodegeneration
[87, 107, 108]. Critical control of UPS over the
degradation of various cell cycle regulatory pro-
teins like cyclin-dependent kinase inhibitor p27,
p53, and cyclin E points towards the possible

roles of the pathway in cancer and possibility for
future therapeutic implications [13, 109]. UPS
got recognition for its wide involvement in vari-
ous cancers, via its multiple components like E1
ubiquitin activating enzyme, E2 ubiquitin conju-
gating enzyme and E3 ubiquitin ligases as well as
deubiquitinating enzymes and proteasome [110,
111]. The whole cascade of El, E2 and E3
enzymes of UPS functions in a coordinated man-
ner to transfer the small ubiquitin molecule on
target substrate protein, which is eventually
degraded in to smaller oligopeptides by the cata-
lytic activity of proteasome [112, 113]. Several
components of this protein homeostasis main-
taining system have been proposed as the drug
targets for multiple cancers and many other
severe diseases [114, 115]. In Fig. 4.4, we briefly
describe the ubiquitin proteasome system, its
enzymes, and their types, for a proper under-
standing of further sections of this chapter.
The UPS as a whole is less explored for cancer
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Fig. 4.4 Ubiquitin Proteasome Systems and its enzymes
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duction of UPS mediated substrates protein degradation
by enzyme cascade has been described to understand its
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of E1 activating, E2 conjugating enzymes and E3 ubiqui-
tin ligase families are represented with an approximate
number of E3 ubiquitin ligases in each family along with
their functional domains
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biomarker development, whereas E3 ubiquitin
ligases have been studied in detail for biomarker
development [25].

The increased proteasome activity and high
expression levels of different subunits of protea-
some were observed in breast cancer patients by
immunoblot and immunofluorescence analysis,
proposing possibilities of various UPS compo-
nents to serve as biomarkers for cancers [116].
These proteasome complexes and their increased
catalytic activities were commonly targeted by
synthetic and natural compounds, which may
suppress angiogenesis and induce apoptosis in
cancer cells [117]. Bortezomib is a well-explored
proteasome inhibitor, implicated for therapeutic
intervention of cancer, but still, leaves the ques-
tion of broader applicability as it is effective
against few cancer types [118]. Not only protea-
some, but other components of UPS, e.g. El
ubiquitin activating enzymes were also studied
for cancer treatment [119]. Firstly, a chemical
inhibitor 4[4-(5-nitro-furan-2-ylmethylene)-
3,5-dioxo-pyrazolidin- 1-yl]-benzoic acid ethyl
ester (PYR-41) was reported to block E1 ubiqui-
tin activating enzyme and cause an increase in
sumoylation in cells, hence proposed for cancer
therapeutics [120]. Inhibitors of E2 conjugating
enzymes have also been explored in further
research; and MLN4924, an AMP analog inhibits
the Nedd8-activating enzyme and trigger autoph-
agy in liver cancer cells [121]. Apart from treat-
ment, PQC system and its components are also
investigated for their potential applications as
cancer biomarkers.

Microarray analysis of genes associated with
hepatocellular carcinoma (HCC) revealed the
elevated expression of ubiquitin conjugating
enzyme E2C (UBE2C), which was further con-
firmed by RT-PCR and hence reported as an indi-
cator or biomarker of HCC [122]. E2 ubiquitin
conjugating enzymes UbcH10 and UBE2C were
found to be highly expressed in primary tumors
of uterus, bladder, lung, stomach and thyroid
malignant tissues with poor clinical outcomes,
which signifies their importance as potential bio-
markers for a number of cancer types [123-125].
The most studied component of UPS in associa-
tion with cancer are E3 ubiquitin ligases, which

provide specificity of substrate identification
[126]. Mutations and abnormal regulation by the
E3 ubiquitin ligases lead to cancer development;
moreover, the high-level expression of some E3
ubiquitin ligases in cancer makes them prognos-
tic biomarker and the critical target for multiple
types of cancers [25, 127, 128]. Variation in the
expressions and functions of the E3 ubiquitin
ligases, e.g. overexpression of Hdm2 and Skp2,
or functional loss of BRCAl and Fbw7 like
enzymes, are commonly reported in some cancer
types [115, 129]. Recently, other UPS compo-
nents have also been proposed as possible thera-
peutic targets for glioblastoma. For example,
increased expression of ubiquitin-specific prote-
ase (USP1) has been reported in patient-derived
primary glioblastoma tumor cells, which was fur-
ther established by the importance of USP1 in
GBM growth and maintenance [130]. Several
efforts have also been made to develop therapy
targeting  deubiquitinating  enzymes  and
ubiquitin-specific proteases [131-133].

4.5 How E3 Ubiquitin Ligase
Families Are Linked
with Deregulated Cell-Cycle

Progression and Cancer?

The specific substrate recognizing ability of E3
ubiquitin ligases make them a crucial component
of UPS that work towards maintaining homeo-
static conditions inside the cells [134, 135]. E3
ubiquitin ligases facilitate the covalent bond for-
mation between the ubiquitin molecules and a
lysine residue of substrate protein either in a
direct or indirect manner [136]. There are four
classes of E3 ubiquitin ligases identified so far,
varying with respect to the presence of domains;
they are: homologous to E6-associated protein
C-terminus (HECT) domain, U-box domain,
really interesting new gene (RING) finger domain
and plant homeodomain (PHD) [126, 137].
Recently, a new hybrid class of E3 ubiquitin
ligases was also reported and named as RING-in-
between-RING (RBR) ubiquitin ligases, which
are multidomain complex proteins, e.g. parkin
[138, 139]. The difference in domains present in



54

V. Joshi et al.

these classes of E3 ubiquitin ligases brings diver-
gence in their mode of transferring ubiquitin
molecules to the substrate proteins for protea-
somal degradation and hence are divided into
various classes [140-142].

4.5.1 HECT E3 Ubiquitin Ligases

The HECT domain containing E3 ubiquitin
ligases first bind themselves with the ubiquitin
molecule via thioester bond and then transfer it to
substrate protein [141, 143, 144]. E3 ubiquitin
ligases of HECT family are implicated in degrad-
ing the substrates involved in various pathways
that are associated with cancer development.
Moreover, overexpression of E3 ubiquitin ligases
like Huwel, EDD, Nedd4-1, WWPI, and
Smurf1/2 may serve as prognostic biomarkers for
various cancer types, including breast, prostate,
pancreatic and esophageal cancer [145]. Other
members of this class of E3 ubiquitin ligases,
such as ITCH and NEDD4-2 do not directly
function as biomarker, but by regulating tran-
scription factors, like p73 and Smad4 (S-Mothers
against decapentaplegic homolog 4), they have
regulatory control on the overall development of
cancer; and hence they could be targeted for ther-
apeutic developments [146]. HECT domain E3
ubiquitin ligase Huwel has a critical regulatory
role in neural differentiation and proliferation by
ubiquitin-mediated degradation of oncoprotein
N-Myec [147].

4.5.2 RING E3 Ubiquitin Ligases

The second class of E3 ubiquitin ligases directly
transfer the ubiquitin molecule from E2 conju-
gating enzymes to a lysine residue of substrate
protein for either monoubiquitination or polyu-
biquitination by forming an E2- E3 complex
[148]. RING E3 ubiquitin ligases show varia-
tions in E2 conjugating enzymes binding, as
their E2 binding site is different from RING
domain [149]. Many of the RING E3 ubiquitin
ligases are involved in the cellular processes

like signaling, transcription, apoptosis, cell
cycle regulation and DNA repair mechanism
which have direct linkage with cancer cell
metabolism, suggesting a possible role of these
E3s as cancer biomarkers [150]. Mdm?2 is one of
the most explored E3 ubiquitin ligases in cancer
biology because of its ability to regulate tumor
suppressor pS3 protein [151]. Its inhibition may
result in altered expression of macrophage
inhibitory cytokine-1 (MIC-1), a p53 target
gene that may serve as biomarkers [152].
Similarly, overexpression of other RING domain
E3 ubiquitin ligases, e.g. COP1 and Pirh2 were
also reported in breast and lung cancers, respec-
tively that signifies the probability of using
these two as cancer biomarkers [153, 154]. High
expression levels of novel RING E3 ubiquitin
ligases breast cancer associated protein 2
(BCA2) and RING finger protein 11 (RNF11)
were also observed in invasive breast cancer
cells [155-157].

4.5.3 U-box, PHD and RBRE3
Ubiquitin Ligases

U-box domain containing E3 ubiquitin ligases
are a small family of these enzymes with special
function as the E4 enzyme, i.e. adding ubiquitin
molecules to already ubiquitinated substrate pro-
tein. U-box domain is generally considered as
modified RING E3 ubiquitin ligase because of
structural similarity with RING domain [158].
CHIP is the widely studied U-box E3 ubiquitin
ligase involved in the degradation of various
substrates associated with the occurrence of
multiple cancer types [159, 160]. Another class
of proteins, with a zinc finger containing PHD
domains, also has E3 ubiquitin ligase activities
[161, 162]. Although less explored, but these
proteins have shown to have regulation over the
trafficking of several proteins [163]. These pro-
teins can also help viruses evading host immu-
nity by downregulating the surface expression of
CD4 and MHC class I molecules [164, 165]. The
RBR, a hybrid family of HECT and RING E3
ubiquitin ligases, is less studied in the field of
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complex diseases like cancer, but their ability of
auto-inhibition, which causes posttranslational
modifications and protein-protein interaction,
need to be explored more in the future [166]. The
above described different families of E3 ubiqui-
tin ligases and association of member ligases
with cancer affirm their involvement in cell cycle
regulation and cancer [24]. For a better under-
standing of their implication and possible thera-
peutic advantages over other class of molecular
targets, in the next section of this chapter, we are
describing crucial E3 ubiquitin ligases, which
retain a huge potential to work as a biomarker
for various cancers.

4.6 Major E3 Ubiquitin Ligases
Promising Possible
Candidates as Cancer
Biomarkers

In the maintenance of cellular physiological pro-
cesses, protein degradation may sometimes
become more crucial regulatory mechanism than
the others, like transcription and translation

[167]. Regulation of cell cycle is one of the
most tightly regulated cellular processes and the
preciseness and timing of cell division are
dominantly regulated by ubiquitin-dependent
proteasomal degradation of cell cycle regulatory
proteins [24]. Cyclins and their inhibitors are
very crucial proteins for the fine- tuning of the
cell cycle progression, which is regulated by two
basic mechanisms, i.e., ubiquitination and phos-
phorylation [168, 169]. A number of E3 ubiquitin
ligases coordinate various phases of the cell cycle
by regulating differential expression and activity
of several crucial proteins during different stages
of the cell cycle progression [109]. Alterations in
the activities and modulations in the functions of
these E3 ubiquitin ligases and their substrates
have shown considerable promises in the diag-
nostics and therapeutics of different types of can-
cers [110, 170]. In Table 4.1 we have summarized
major E3 ubiquitin ligases, which are involved in
the regulation of cell cycle progression and tumor
formation. Here, in this section, we are providing
a brief description of major E3 ubiquitin ligases
and their associated mechanisms of action in the
cell cycle regulatory processes.

Table 4.1 Involvement of few crucial E3 ubiquitin ligases in cancer and cell proliferation: Table represents crucial E3
ubiquitin ligases with their associated substrate proteins and pathways known to be involved in various types of cancers

S.N. E3 Ubiquitin Target Molecule Affected Cellular Process References

Ligases
1. Mdm2 p53 Cell cycle (Haupt et al., 1997)
2. SCF-Skp2 p27 Cell cycle (Tsvetkov et al., 1999)
3. B-TrCP IkB-a Transcriptional regulation (Winston et al., 1999)
4. CHIP ErbB2 Tyrosine kinase activity (Zhou et al., 2003)
58 ITCH LATSH Hippo pathway (Ho et al., 2011)
6. E6-AP p53 Proteasomal degradation (Scheffner et al., 1993)
7. Gp78 KAI1 Tumour Metastasis (Tsai et al., 2007)
8. CullindB Cyclin E Cell cycle (Zou et al., 2009)
9. NEDD4A LATSH Hippo pathway (Salah et al., 2013)
10. XIAP Caspase 3and 7 Apoptosis (Deveraux et al., 1997)
11. c-1AP-1 Caspase 3and 7 Apoptosis (Roy et al., 1997)
12 c-lIAP-2 Caspase 3and 7 Apoptosis (Roy et al., 1997)
3" Cdc4 Cyclin E Cell cycle (Koh et al., 2006)
14. APC Cyclin A Cell cycle (Amador et al., 2007)
15. Smurf1/2 TGF-B TGF-B signaling (Derynck et al., 2001)
16. Cbl-b Tyrosine kinases Cell signaling (Paolino et al., 2014)
17. Siah1 3-catenin Cell cycle (Liu et al., 2001)
18. BRCA1 Rb protein Transcriptional regulation (Aprelikova et al., 1999)
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4.6.1 Gp78 (Glycoprotein 78)

Initially discovered in melanoma cells, this gly-
coprotein is well explored in the field of cancer
as a possible biomarker, mainly in metastatic tis-
sues [171]. High-level expression of autocrine
motility factor receptor or Gp78 (RING E3 ubig-
uitin ligase) has been observed in various can-
cers including esophageal, cutaneous malignant
melanoma, lung, liver, colon, rectum and stom-
ach, where it is associated with tumor stage and
lower survival rate [172]. In breast cancer,
comparative analysis of non-neoplastic normal
tissues and breast cancer tissues by immunohis-
tochemistry and RT-PCR revealed its inverse
correlation with patient’s survival [173]. Studies
on the expression of Gp78 in cancers, like hepa-
tocellular carcinoma and tongue squamous cell
carcinoma suggested a positive correlation
between higher expression and invasion of a can-
cer cells with a low survival rate of patients [174,
175]. Elevated expression of Gp78 in metastatic
tissues was explained by degradation of metasta-
sis suppressor protein KAIl through its E3 ubig-
uitin ligase activity [176, 177]. Gp78 was
proposed as a prostate cancer biomarker, as it is
specifically expressed in cancer tissues, while no
or very low level is detected in normal prostate
tissues [178]. In high-grade astrocytomas, in situ
hybridization analysis reported high expression
level of Gp78 and its ligand autocrine motility
factor, which proposes this protein as a bad prog-
nostic factor for glioblastoma and anaplastic
astrocytomas [179].

4.6.2 CHIP (Carboxy Terminus
of Hsp70-Interacting Protein)

A multifaceted E3 ubiquitin ligase CHIP is well
explored in various diseases, like neurodegenera-
tion, heart disease and cancer [160]. Histology
sections of breast cancer tissues were analyzed
by IHC and a computer-aided image analysis sys-
tem for CHIP expression and proposed it as a
prognostic biomarker for breast cancer [180,
181]. Similarly, expression analysis of CHIP in
esophageal squamous cell carcinoma patients by

IHC and microarray signifies the importance of
CHIP as a predictor of metastatic tumors [182].
Further, the study of CHIP expression in gastric
cancer reported its decreased expression in the
correlation with increased angiogenesis and a
poor prognosis, which suggests CHIP as a prog-
nostic marker of gastric cancer [183]. Same
results were also observed in Gall bladder cancer
and hence CHIP is proposed as a putative bio-
marker for these cancers as well [184].
Considering a wide range of functions affected
by this E3 ubiquitin ligase, it remains a great
challenge for scientists and clinicians to devise a
successful therapeutics based on CHIP, although
there remains a notable potential in this molecule
to be considered as a putative biomarker for mul-
tiple cancer types [185]. Downregulated mRNA
level of CHIP was observed in glioblastoma as
compared to the normal brain tissues, which pro-
vides possible clues for possible roles of CHIP as
a glioblastoma biomarker [186].

4.6.3 BRCAT1 (Breast Cancer Gene 1)

Breast and ovarian cancer associated RING fig-
ure protein 53 or BRCAI acts as a tumor sup-
pressor by regulating DNA repair mechanisms
and hence studied for its therapeutic importance
[157, 187]. BRCA1 was reported as a potential
biomarker for the prediction of breast cancer and
beneficial in DNA damage based chemotherapy
for this cancer [188]. Similar to breast cancer, the
mRNA expression analysis of BRCA1 in ovarian
cancer helps in the prediction of patient survival
after chemotherapy [189]. The study observed a
correlation between BRCA1 and BRCA2 germ-
line or somatic mutations with abnormalities in
TP53 gene, which resulted in increased filtrates
of immune cells [190]. Predictive biomarker
analysis of drugs olaparib and carboplatin is
under phase I/Ib trials for ovarian and breast can-
cers [191]. Recently, IHC results of epithelial
ovarian carcinoma for BRCA1 expression pro-
vide the significant prognostic importance and
support for clinical trials [192]. However, the risk
of brain cancer in BRCA1 mutation is very low,
but detailed studies in future may explore the
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possible relationship between this E3 ubiquitin
ligase and brain cells cancer [193]. Recently it
has been observed that BRACI play a tumor-
promoting role for glioblastoma by preventing
replication stress [194, 195].

4.6.4 SCF (Skp, Cullin, F-box
Containing Complex)

The proteins Skp1, Cullins, F-box and ROC/Rbx/
SAG forms the SCF complex, which is mainly
involved in the degradation of the cell cycle regu-
latory proteins that are directly associated with
multiple cancers [196]. The component of the
complex, such as F-box proteins provide sub-
strate specificity and may work as an ideal bio-
marker in cancers like prostate and squamous cell
carcinomas, with possible applications in tar-
geted therapy [197, 198]. Other than cell cycle
regulation, this complex is also involved in gly-
colysis, serine—threonine kinase ubiquitination
and tumorigenesis [199]. The significance of
Skp2 in human gastric carcinoma could be shown
by its high expression and thus it could be pro-
posed as a prognostic biomarker for this cancer
[200]. Other components of this complex RING
box proteins, RBX1 and RBX?2 also have regula-
tory roles in multiple cancers and might be used
as a biomarker in near future [201]. A small mol-
ecule MLLN4924 was identified as an inhibitor of
a SCF complex, and its use in trials has given new
hopes for the targeting of SCF complex in anti-
cancer therapy [202]. The components of SCF
complex ROC/Rbx were also identified as a bio-
marker in melanoma with Skp2, SCF-FBW7 and
other E3 ubiquitin ligases [127, 203]. Small
interfering RNA mediated downregulation of
Skp2 in T98G glioblastoma type causes induc-
tion of p27 and growth arrest that finally leads to
apoptosis [204].

4.6.5 ITCH

ITCH or atrophin-1 interacting protein 4 (AIP4)
was first studied for its role in coat color altera-
tions in mouse skin [205]. It was observed that a

18H mutation, which produces this coat colored
variations, arises from the chromosomal inver-
sions with deletion of 18-20 bases, hampering
expression of agouti and ITCH genes [146, 205].
ITCH is basically involved in regulating the
inflammatory [206] and immune responses [207]
of the cell, but it also controls ubiquitination and
thus the degradation of different proteins, which
have functions in regulation of cell death, such as
tumor necrosis factor-o (TNF-a) [208]; and
apoptosis via regulating proteins such as p73
[209] and p63 [210]. The functions of ITCH in
modulating cell cycle and uncontrolled cellular
growth, as observed in tumor cells, is also pro-
vided by a study, where this E3 ubiquitin ligase
was found to degrade protein such as RASSFS5,
which is necessary for causing apoptosis in cells
[211]. Other studies also link ITCH with tumori-
genicity, as ITCH induces the degradation of
LATS1 (large tumor suppressor kinase 1) in cells,
resulting in uncontrolled cellular proliferation
and growth [212]. Recently, ITCH is proposed as
a prognostic biomarker in pancreatic cancer, as
loss-of- function in this gene is responsible for
metastasis [213]. All these above mentioned dif-
ferent studies indicate that ITCH is a prominent
candidate, with substrate proteins, having roles in
cellular proliferation. Thus, observing changes in
ITCH functions and levels can help in monitoring
and modulating cellular proliferation and uncon-
trolled growth.

4.6.6 NEDDA4 (Neural Precursor Cell
Expressed Developmentally
Down-Regulated 4)

NEDD4, a HECT family E3 ubiquitin ligase
mediates its cellular effects by regulating ubiqui-
tination and degradation of its substrates in ER,
proteasome, and autophagy [214]. NEDD4 is a
multifunctional E3 ubiquitin ligase regulating a
range of protein substrates (e.g. ENac, AMPA
receptors, etc.) with important functions in dif-
ferent biological processes. It also affects signal-
ing pathways, linked with uncontrolled cellular
growth and proliferation [215]. NEDD4 regulates
the levels of LATS1 protein by ubiquitination and
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its proteasomal degradation, thus can influence
tumorigenesis directly [216]. NEDD4 can also
suppress the oncogenic pathway of Notch signal-
ing and reduce the levels of important proteins of
the pathway, such as Notch and Deltex [217].
NEDDA4-1 has a direct role in regulating pancre-
atic cancer cells growth, as it controls the level of
PTEN, a cancer inhibitor protein, by its polyu-
biquitination and degradation; its levels were
drastically increased when monitored in mouse
model of cancer [218]. Thus, these findings indi-
cate that NEDD4 is a critical regulator of tumor
growth and its increased level in pancreatic can-
cer cells suggests that it could be considered as
prognostic marker for these cancers. NEDD4 is
associated with glioblastoma also by regulating
invasion and migration of glioma cells via ubig-
uitinating cyclic nucleotide Ras guanine nucleo-
tide exchange factor and RAS-related protein 2A
[219, 220].

4.6.7 CUL Family (Cullin-RING
Ubiquitin Ligases)

Cullin basically acts as a scaffold protein and
with its C-terminal region binds to a RING-
finger containing protein known as ROC1/ROC2
that makes the family of cullin RING finger
ligases (CRLs). Neddylation is a process by
which protein such as NEDDS, may regulate the
activity of CRLs proteins [221]. Human cullin
family of E3 ubiquitin ligases consists of eight
members (CUL1, CUL2, CUL3, CULA4A,
CUL4B, CULS, CUL7, and CULY). Each cullin
works as a scaffold protein to recruit adaptor and
other interacting proteins. Cullin proteins may
have a specific role in cancer, as their expression
pattern (CUL4A) was found to alter under these
conditions, such as in the breast and hepatocel-
lular carcinoma [222, 223]. Furthermore, in dif-
ferent processes, which are linked with
tumorigenicity, such as cell cycle regulation,
DNA damage, signaling and tumor suppression,
this E3 ubiquitin ligase complex plays indis-
pensable roles [224]. Another member of this

family, CUL4B modulates cell cycle proteins,
such as cyclin E and a knockdown of CUL4B is
associated with an increase in cyclin E [225].
Since cyclin E controls cell cycle transition from
G1 to S phase, a decrease in cyclin E is associ-
ated with an increase in cellular proliferation, as
is observed in tumor cells [226]. Similarly,
CULA4A is also found to regulate another cell
cycle protein p21, which is degraded by a highly
expressed CUL4A, resulting in a loss of control
on cell cycle and an increase in proliferation, as
observed in different cancerous cells [227, 228].
The role of Cullin 1 was also explored in glioma
cells proliferation, invasion, and migration
[229]. It has been reported that decrease in the
expression of CUL4B, under both in vitro and in
vivo condition, inhibits proliferation of glioma
cells in brain tumor [230].

4.6.8 Cdc4 (Cell Division Control
Protein 4)

Cdc4 is an F-box protein and is a vital component
in the big complex of SCF. It acts as one of the
substrate binding proteins in the SCF complex
and thus can regulate important proteins, which
have critical roles in cell cycle progression, e.g.
cyclin E [197]. This has been observed in cells of
pancreatic cancer, where different isoforms of
this protein are found in higher stage cancer
[231]. Similarly, in other pathological conditions,
such as in colorectal cancer, Cdc 4 is found to be
present in a mutated form, which highlights the
possible implication of this protein in cell cycle
control and tumorigenesis [232]. There is also a
report that establishes the involvement of the
Cdc4 gene in chromosomal stability [233], which
could probably be in p53 dependent manner;
however loss of this protein may result in genomic
instability [232]. These reports clearly establish
the importance of this E3 ubiquitin ligase in con-
trolling the growth rate of cells. hCdc4 was pro-
posed as a prognostic biomarker for glioblastoma
as it controls the cell proliferation in glioma
under in vitro conditions [234].
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4.6.9 MDM2 (Mouse Double
Minute 2)

MDM2, a 90 kDa protein, is designated to be the
major regulator of tumor suppressor protein
TP53, which lies at the center of many oncogenic
pathways [235, 236]. A feedback loop formed of
MDM?2 and p53 forms a regulatory control over
the maintenance of genomic integrity and cellu-
lar transformation [237]. MDM2 overexpression
is one among the many reported genetic altera-
tions in several types of cancers. It has also been
reported to retain p53-independent oncogenic
potential, which could be related to few other cell
fate regulatory proteins, e.g., retinoblastoma,
Numb, E2F1 etc. [238-240]. MDM2-p53 com-
plex inhibition has been exploited for therapeutic
purposes in multiple cancer types, but toxicity
generated by used inhibitors also cause damage
to healthy tissues [151].

Multiple discoveries have led to the identifica-
tion of MDM2 as one of the promising prognos-
tic biomarker, which helps us to detect early stage
tumors like gastric cancer development and post-
therapy recurrences [241-243]. MDM2 has been
proposed as a negative biomarker in breast carci-
noma as no remarkable relation was observed in
the MDM?2 expression levels and patient survival
[244]. In non-small-cell lung cancer, IHC analy-
sis of MDM2 expression reported the protein as a
probable prognostic biomarker, especially in
patients without accumulation of p53 protein
[245]. Development of small peptide antagonists
and identification of many inhibitors in the past
have gained significant success in cancer thera-
peutics [246]. Expression levels of MDM?2 in pri-
mary and secondary glioblastoma lacking p53
mutations were analyzed and were reportedly
high in primary glioblastoma only [247].

4.6.10 E6-AP (Human Papilloma
Virus E6-Associated Protein)

E6-AP is another major E3 ubiquitin ligase that
is directly associated with regulation of p53

expression, stability, and function [248]. Human
papilloma virus (HPV) is sexually transmitted
DNA tumor viruses that underlie the majority of
the worldwide cases of cervical cancer [249]. E6
viral oncoprotein, after binding to E6-AP, alters
its cellular functions and causes E6-AP mediated
polyubiquitination of p53, followed by degrada-
tion [250]. E6/E6-AP complex can also target
NFX1-91, a putative repressor of hTERT, caus-
ing its induction, which leads to the activation of
telomerase enzyme [251]. Similarly, in several
knockdowns and transgenic mouse model based
studies, E6-AP has been shown to mediate most
of the oncogenic effects imparted by HPV via its
interaction with viral E6 protein [252, 253].
However, E6-AP is also crucial for the stability
of intracellularly expressed E6 oncoprotein itself
[254]. Apart from regulating the turnover of p53
[255], E6-AP also ubiquitylates and degrades
other cell cycle regulatory proteins, e.g., p27
[256]. Considering these prominent functions of
E6-AP, either in complex with E6, or in an inde-
pendent manner, E6-AP could be considered to
be a major therapeutic target for various types of
cancers [135, 255, 257].

4.6.11 APC/C (Anaphase-Promoting
Complex/Cyclosome)

APC/C, E3 ubiquitin ligase is known for its cell
cycle regulatory functions over the S-phase and
early mitosis via its substrate proteins, such as
cyclin A, Skp2, securin etc [258]. The activities
of APC/C are regulated by two effector proteins,
i.e., Cdc20 and Cdhl [259]. Loss of control over
the regulatory pathway of APC/C complex results
in the formation of malignant tumors; and thus
suggests the importance of this crucial protein in
the pathogenesis of cancer [260]. High concen-
tration of various APC/C substrate proteins,
including Cdc20, polo-like kinase 1, Aurora
kinase A and Skp2 are observed in multiple types
of human cancers, proposes them as potential
biomarkers and APC/C as a crucial target for can-
cer therapy [261]. Regulatory pathway of Skp2
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was analyzed in colon cancer patients by bio-
chemical analysis and reported APC/C-Cdhl
complex as a potential biomarker for colorectal
tumor formation [262]. APC/C-Cdhl also regu-
lates another E3 ubiquitin ligase, viz NEDD4-like
ubiquitin ligase 2, which is involved in the pro-
gression of cervix or colon cancer [263].
Recently, a research suggests that functional
inactivation of APC/C reduces chromosomal
instability in cancer cells [264]. As APC/C is
involved in regulation of cell cycle as well as cell
death pathways, it is considered as a crucial drug
target for cancer treatment [265]. APC/C-Cdhl
also targets inhibitor of DNA binding 2 protein
which is involved in tumor progression and cell
proliferation [266]. Recently, it has been reported
that self-renewal and invasiveness of stem-like
cells of glioblastoma are controlled by the Cdc20-
APC complex in glioblastoma patients [267].

4.6.12 Smurf 1/2 (Smad Ubiquitin
Regulatory Factors)

Smurf 1 and 2 are putative regulators of the trans-
forming growth factor-f (TGF-f) and bone mor-
phogenic protein (BMP) signaling cascades; and
are associated with multiple cellular functions,
like cell proliferation, cell cycle regulation, DNA
damage response, metastasis and maintenance of
genomic stability [268]. They modulate path-
ways by mediating the proteasomal degradation
of Smads, and few crucial receptors involved in
various signaling pathways [269-271]. A very
delicate regulation is required for TGF-f signal-
ing pathways at various life stages as well as tis-
sue types; so targeting of TGF-f signaling
pathways for cancer therapeutics through
Smurf1/2 still remains a challenge as the pathway
may cause both suppression and induction of
tumor development and metastasis [272, 273].
Smurf2 overexpression was found to be linked
with poor prognosis in certain breast cancer tis-
sues and esophageal squamous cell carcinoma
patients [274, 275]. Similarly, in renal cell carci-
noma, Smurfl significantly expressed in high
amount and found to be associated with stages of

metastasis, tumor size and vascular invasion; thus
might be proposed as a prognostic biomarker
[276]. Although, the roles of Smurf 1/2 as a bio-
marker is well explored in several cancer types,
but their involvement in brain tumors is still
unexplored, which could be established in future
by conducting detailed research in glioma
patients.

4.6.13 IAPs (Inhibitors of Apoptosis
Proteins)

IAP family of proteins consists of various mem-
bers, some of which contains RING domain, like
XIAP, c-IAP1, and c-IAP2. The effect of expres-
sion levels of various TAPs in different types of
cancer has been checked in various studies in
order to understand their prognostic significance
[277]. In patients of malignant pleural mesothe-
lioma, IAP1 and survivin were found to be linked
with a short lifespan, whereas X- chromosome-
linked TAP (XIAP) and livin had positive effects
on patient survival [278]. Interestingly, in another
study involving acute myeloid leukemia patients,
low levels of XIAP was associated with patient’s
longer survival [279]. However, the presence of
higher XIAP and survivin expression level in
childhood acute myeloid leukemia samples were
correlated with decrease in survival [280].
Similarly, the prognostic significance of XIAP
and survivin were also observed in another study,
where high expression of these two E3 ubiquitin
ligases was observed in advanced tumor stages of
breast cancer patients [281].

Recently, another study provided evidence of
the potential of IAPs level in identifying the risk
of cancer progression [282]. Furthermore, IAPs
have also been found to be involved in establish-
ing resistance in cancer cells to drugs like
paclitaxel, 5-FU, and doxorubicin [283]. It was
also found in this study that ectopic expression of
c-IAP2 resulted in reduced cytotoxicity of cispla-
tin [284]. Altogether, these studies provide useful
information about IAPs, which can be utilized
to develop biomarkers for cancer detection.
However, there are some studies that provide
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different results, such as in the case of XIAP that
have been shown to have no or opposite effects in
acute myeloid leukemia and resected non- small
cell lung cancer patients respectively, making
their applicability limited [285, 286]. IAP family
gene Apollon was found to be expressed in brain
cancer cells, where it protects cells from apopto-
sis [287]. However, amplification of cIAP1/2 was
also explored in glioblastoma, where IAPs are
related with the negative progression of cancer
[288]. Thus careful further investigation is needed
to understand the potential of these proteins to be
used as biomarkers for cancer.

4.6.14 CBL (Casitas B-Lineage
Lymphoma)

c-Cbl is a RING type E3 ubiquitin ligase, which
is involved in attenuation of protein tyrosine
kinase (PTK) signaling. Studies have identified
CBL gene mutations in patients with myeloid
malignancies [289, 290]. In gastric carcinoma
and primary colorectal cancer tissues the expres-
sion of Cbl protein has been reported to be ele-
vated, hence it may function as a biomarker for
these two cancers [291, 292]. Increased Cbl level
in prostate cancer tissues has also been associ-
ated with reduced patient survival [293]. Cbl has
also been found to be mutated in lung cancers
[294]. Recently, the role of Cbl in gliomas was
also elucidated, when in glioma tissues patients
had a high level of Cbl E3 ubiquitin ligase [295].
The altered levels and mutations of Cbl in various
cancer tissues give an idea of the crucial roles
played by them in cellular homeostasis and their
ability to serve as biomarkers for cancer detec-
tion. Expression analysis for tyrosine phosphory-
lated c-Cbl was performed in different cancer
patients and it has been observed that an equal
number of negative and positive patients were
present for brain cancer [296]. Later, c-Cbl exon
skipping was reported to be a possible mutation
contributing to growth and malignancy of glioma
[297]. Further, another study proposed expres-
sion of c-Cbl with poor prognosis and tumor pro-
gression in high grade glioma [295].

4.6.15 Siah2 (Seven In Absentia
Homolog 2)

Siah2 is another RING type E3 ubiquitin ligase
involved in mechanisms such as in apoptosis,
DNA damage response, cellular proliferation and
response to hypoxia condition [298, 299]. Siah2
high level has also been associated with drug
resistance and inhibition of it resulted in sensitiv-
ity to anti- cancer drug [300]. Siah2 has been
shown to have possible roles in tumor develop-
ment and progression in epithelial ovarian carci-
noma [301]. The expression of Siah2 has also
been found to be elevated in human lung cancer
[302]. Increased level of Siah2 has been reported
in breast cancer with probable roles in progres-
sion and metastasis [303]. Recently, another
study provided evidence in support of Siah2 as a
promoter of invasion capacity of breast cancer
cell line [304]. Under hypoxia condition ubiqui-
tin ligase Siah2 regulates HIF- 1 facilitating the
migration and invasion of glioma cells [305]. The
metastatic role of Siah2 can be further analyzed,
as it can serve as a promising tool in identifying
and detecting progressive cancers.

4.6.16 TRIM25 (Tripartite Motif
Containing Protein 25)

TRIM25 is another E3 ubiquitin ligase and a
member of the vast family of TRIM proteins hav-
ing RING, B box, and coiled coil motif. Like
above E3 ubiquitin ligases, TRIM25 role in can-
cer has also been studied [306]. Abnormal expres-
sion of TRIM25 has been observed in cancers of
breast and ovary [307, 308]. Also, TRIM25 has
been shown to be linked with poor prognosis of
gastric cancer patients [309]. Recently, the prolif-
erative and migratory role of TRIM2S in lung and
colorectal cancer has also been elucidated [310,
311]. These recent identifications of the roles of
TRIM25 in multiple cancers show that more
studies are needed to unravel its involvement in
other cancers like brain cancer, glioblastoma. In
depth analysis of this RING type E3 ubiquitin
ligase may add significantly in the field of early
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stage detection of cancer and may also prove to
be a novel therapeutic target for inhibition of can-
cer proliferation and migration.

4,7 Key Questions and Future

Perspectives

In spite of several translational approaches being
developed for the treatment of cancer, not much
success has been received in transforming the
research outcomes into clinical tools. The most
challenging task for oncologists still remains the
early diagnosis and targeted drug delivery to spe-
cific sites with least side effects on other cells and
tissues. The advent of biomarkers has minimized
both, the costs of the diagnosis and the treatment
of the disease. Despite the increase in the use of
‘omics’ and other analytical techniques in
research, which enabled us to identify new pro-
teins as possible markers for future therapeutics;
these techniques do not get enough success in
clinical practices. Applicability of most of these
biomarkers is limited to only few cancer types.
The urgent need of present scenario is to identify
and develop universal or broad-spectrum bio-
markers relevant for several cancer types includ-
ing brain cancer [312, 313]. In this direction,
integration of biomarkers with other translational
medicine tools like nanoparticles will increase
the success rate in upcoming years [314]. E3
ubiquitin ligases, like many other protein mis-
folding associated diseases, also play crucial
roles in regulating cell division and proliferation.
Past many years have seen increasing literature
presenting these molecules as future therapeutic
targets in many biological diseases like neurode-
generation and ageing [24]. But their remedial
exploration and successful applications are yet to
be tested and verified in diseases like brain
cancer.

Finding out solutions to the problem of cancer
lies in its early stage diagnosis, as this helps in
predetermining and designing a rational therapy
against this dreadful disease. Utilizing E3 ubiqui-
tin ligases as a prognostic biomarker for cancer
can be a useful option which remains to be tested
at clinical and laboratory level to understand its

full potential. Researchers have hypothesized
that, as many members of E3 ubiquitin ligases
family are involved in different regulatory pro-
cesses in cancer, they may serve as possible can-
didates in early stage cancer diagnosis [25]. This
hypothesis has been supported by various studies
as mentioned earlier in the text, where the altered
level of many E3 ubiquitin ligases have been
found in cancer cells and tissues. Interestingly,
E3 ubiquitin ligase-based anti-cancer drugs, such
as nutlin have been identified, giving an idea of
their crucial importance in cancer mechanism
[315]. However, developing E3 ubiquitin ligases
as a potential biomarker for brain cancer will
require further studies. Altogether, to translate E3
ubiquitin ligases as a biomarker for brain cancer
at the clinical level, future studies should be
aimed at identifying the roles of these enzymes in
different types of cancers along with cost effec-
tiveness, production at industrial level and their
clinical usefulness in terms of specificity and
accuracy.
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