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INTRODUCTION
The pace of technological advancement in medicine
has been substantial. With each advance, not only in the
field of biology but in other fields such as information
technology, image processing, manufacturing methods
and data processing, many aspects of medicine are experiencing great change and our ability to study processes
in great detail is expanding vastly. These techniques will
become more commonplace and will become a greater
part of a surgeon’s daily practice, especially in our cancer
patients.
This review will highlight specific techniques in four
major areas of study that have been advancing to the
forefront of efforts in the treatment of surgical patients
with malignancies. Some of these techniques have been
known for some time; however, with advancement of
related fields, the real-time practical utilization of these
techniques in the care of our patients has escalated in
recent years.
We will review the techniques associated with the
identification and characterization of circulating tumor
cells, the genes expressed in cancer cells (microarray
analysis, rapid sequencing methods and proteomics).
These methods, along with their applications in the field
of oncology, will be highlighted in this paper.

Abstract
New technologies are constantly being introduced into
the medical and surgical fields. These technologies
come in the form of newer medicines, imaging methods and prognostic tools, among others, and allow clinicians to make more rational and informed decisions
on the care of their patients. Many of these technologies utilize advanced techniques which are at the forefront of many research fields and represent a transition
of bench advances into the clinical realm. This review
will highlight four technologies that are at the forefront
in the treatment of oncology patients treated by surgeons on a daily basis. Circulating tumor cells, microarray analysis, proteomic studies and rapid sequencing
technologies will be highlighted. These technologies
will be reviewed and their potential use in the care of
surgical patients will be discussed.
© 2012 Baishideng. All rights reserved.

Key words: Methods; Molecular diagnostic techniques;
Medical oncology; General surgery MT
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and utilize a negative selection method[13,14].
Immunomagnetic enrichment is another major technique of enrichment. In this process, magnetic beads
are coated with antibodies that are expressed on CTCs.
Samples are then mixed with the beads to allow binding
of cells with the given markers. The CTCs once bound
to the beads are separated from the unbound fraction
(background) by use of a magnetic field, thus positively
selecting for CTCs. The antibodies employed are usually against epithelial markers or tumor specific antigens
[e.g., cytokeratins (CKs), epithelial cell adhesion molecule (EpCAM), carcinoembryonic antigen, the human
epidermal growth factor receptor 2]. Negative selection
methods in which antibodies against the background
cells (leukocytes, megakaryocytes) are used may also be
employed and have the advantage of not disturbing the
cells of interest[15-17]. These methods require no cell lysis,
are less toxic to the cells, and allow for specific identification of CTCs when compared to size methods described previously. Commercially available technologies
exist that make use of these immunomagnetic methods
and employ semi automated methods for detection of
CTCs. Veridex (Johnson and Johnson, Raritan NJ) and
the CellSearchTM system are two systems that are available[1,18]. The major drawback to any of these immunological methods is that they rely on markers that are not
absolute in distinguishing tumor cells from background.
In addition, there is significant variation in expression of
markers within tumors themselves and at different stages
of tumor growth[5,11,19]. False positive and false negative
selection has been identified in both methods, making
the detection of all CTCs not possible with current enrichment methods.

CIRCULATING TUMOR CELLS
Circulating tumor cells (CTC) and disseminated tumor
cells (tumor cells in the bone marrow) are becoming
more important in the study of patients with cancers as
distant metastasis remain a major cause of cancer related
deaths[1,2]. The hypothesis that these cells are released
into the circulation and may be responsible for the dissemination of cancer cells has been suggested for over
a century; however, only recently have we been able to
detect them in a commercially viable fashion and have
begun to understand their significance in disease [2,3].
The detection of these tumor cells in the clinical treatment of cancer patients is becoming important as many
patients thought to have localized disease are actually
found to have distant disease on relapse[2,4-7]. As our ability to measure these cells in the circulation from cancer
patients increases, the idea of metastatic spread being a
late event in tumor development is being questioned.
Enrichment
CTCs exist in the blood and the bone marrow at very
low levels (one cell per 105-107 cells)[1,2,5] and an enrichment step is often utilized prior to actual detection of
these cells to make the detection of these cells more
efficient. Three main methods of enrichment are based
on filtration, density gradients and immunomagnetic
enrichment[2,5]. Density and filtration methods work on
a size basis. Immunomagnetic methods rely on surface
markers present on tumor cells that are not present on
background cells. Once the samples are enriched, CTCs
can be identified and studied.
Several methods utilize size differences between cells
to enrich the sample. Isolation by size of epithelial tumor cells is a size-based filtration method. This method
utilizes 8 µm pores which allow separation of small leukocytes from larger epithelial cells. This method allows
the detection of one tumor cell from a 1 mL sample
of blood[8]. Micro electro-mechanical system is another
method that has been developed that takes advantage
of size differences between CTCs and other blood cells.
This method provides a high-efficiency membrane based
system that allows for high throughput of samples[9].
The advantages and disadvantages of these methods
have been summarized in other reviews[5,10]; briefly, size
differences are not absolute for cell lines and thus the
sensitivity and specificity of these techniques are low.
CTCs and mononuclear cells have different densities
from red blood cells and granulocytes. Density gradient
methods using Ficoll-Hypaque make use of this property to enrich CTCs. Often CTCs are lost in the process
and the use of these chemicals has been associated with
toxicity to cells. This method is also considered to have
low specificity and requires a lot of processing time[11,12].
A commercially available method, Oncoquick (Greiner
Bio-One, Germany), utilizes a membrane layer in the
process to minimize cross contamination and saves
some time for processing of samples when compared
to the Ficoll method[12]. Other technologies exist as well

WJSP|www.wjgnet.com

Identification
Once CTCs are isolated, they are further characterized
based on their nucleic acid expression or protein expression. These methods can be broadly characterized into
polymerase chain reaction (PCR)-based analysis and
cytometric analysis. Each of these techniques, as with all
methods, has their pros and cons and is summarized well
in another review[5].
PCR-based techniques are very sensitive when compared to immunocytochemistry methods and have been
used in the clinical setting[20,21]. These methods achieve
their specificity by the design of oligonucleotide primers
targeted against genes of interest. Reverse transcription (RT)-PCR is generally the method employed for
amplifying mRNAs of interest[21-23]. Multiplex RT-PCR
methods have been developed to increase the sensitivity
and specificity of this method, also allowing the screening of multiple markers at one time, and are discussed
elsewhere in this paper.
Cytometric methods isolate and count cancer cells.
This is performed most widely by the use of monoclonal fluorescently labeled antibodies directed against different antigens with the most common ones again being
CKs and EpCAM[2,5]. As cells are not lysed, the integrity
of the cells is maintained and this allows further char-
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baseline CTC number ≥ 3 had significantly worse median PFS (4.4 mo vs 7.8 mo, P = 0.004) and OS (9.4 mo
vs 20.6 mo, P < 0.0001) compared with patients with <
3 CTCs[40]. The baseline CTC number was an important
predictive factor even within specific patient subgroups
defined by treatment or patient characteristics.
In the light of the available evidence, the FDA has
approved CTC analysis by Cell SearchTM in metastatic
breast, colorectal and prostate cancer patients as an indicator of prognosis[41]. There is scarcity of information
regarding CTCs in many other tumors, including melanoma, head/neck cancers, biliary and pancreatic cancers.
Preliminary results are encouraging but need further
study.

acterization of these cells, including their size and their
nucleus-to-cytoplasm relationship. The major limitation
of this technique is one that is similar to all methods
that use antibody-based techniques, specificity of target
proteins, heterogeneity of tumors and protein expression. Once cells are coated with the antibody, they are
scanned and analyzed using criteria developed for their
evaluation[2,24,25].
Fiber-optic array scanning technology is a scanning
technology that uses a large field of view for detection
of bound antibody. This technology allows the analysis
of large volumes of samples without a purification step
and allows for the scanning of up to 300 000 cells per
second, about 500 times faster than conventional automated digital microscopy[26,27]. This technology is being
used in clinical practice at this time[28]. Other automated
systems have been developed and are described elsewhere[29-34], including CellSearchTM.
Other technologies make use of chips that are coated
with antibodies of interest. Blood is pumped through the
chip and cells are captured. This method was shown to
have a significantly improved sensitivity when compared
to other techniques, with identification of CTCs in 99%
of samples from multiple tumors[35,36]. These cells may
be further analyzed for function of trapped proteins, as
has been shown for telomerase activity recently[37]. More
detailed analysis of arrays will be covered in subsequent
sections.

Microarrays and use in Cancer
overview
Gene expression analysis using microarrays
In the nucleus of virtually all cells in the body is a full
set of chromosomes, which contain tens of thousands
of genes, the DNA genetic code. However, in each cell
type, only a fraction of these genes is “expressed”, that
is, used for the synthesis of protein. The specific set of
proteins produced in each cell confers unique properties to the cell. The term “gene expression” describes a
process whereby the information contained in the genes
in the form of DNA is used to synthesize (transcribe) a
messenger (m) RNA molecule that will be transported
to the cytoplasm and used as a temporary template for
the synthesis of proteins (translation) that will perform
the functions of the cell. Studying the levels and types
of mRNAs expressed in the cell provides indirect information about the proteins expressed in that cell. As the
cellular needs change to adapt to internal conditions and
external stimuli, so do the patterns (type and amount) of
expressed mRNAs. The maintenance of adequate gene
expression patterns is important for the preservation of
cellular homeostasis. Disruptions in the levels or types
of expressed mRNAs underlie many disease processes,
including cancer.
Traditional technologies to study gene expression
only allowed scientists to study a handful of expressed
mRNAs at a time. In the mid 1990s, the microarray
technology emerged as a new tool that began to allow
scientists to survey many mRNAs at the same time in
a quick, inexpensive and efficient manner. This major
methodological advance permitted scientists to explore
the patterns of expressed genes during physiological processes (such as development and normal tissue
function) and in pathological states, such as cancer and
many other diseases[42-44]. The microarray technology
is based on the ability of a given mRNA molecule to
bind (or “hybridize”) specifically to a DNA template of
complementary sequence (Figure 1). Microarrays contain thousands of DNA sequences immobilized at fixed
spots on small, solid supports which are typically glass
microscope slides, but can also be silicon chips or ny-

Clinical applications of CTCs
In the United States, breast cancer is the most common non-skin cancer and the second leading cause of
the cancer-related death in women. Despite advances
in screening programs and new chemotherapy agents,
6%-10% of women present with metastatic disease. The
5-year overall survival rate among such patients rarely
exceeds 20%[38]. Cristofanilli et al[4] have shown that the
presence of high CTC number (≥ 5/7.5 mL of whole
blood) is associated with shorter progression-free and
overall survival in the metastatic setting and their continued presence following the initiation of a therapy predicts impaired therapeutic responses and overall survival
in breast cancer patients. Botteri et al[38] showed that the
number of CTCs at baseline and their perpetual changes
at different follow-up points is a strong independent
predictor of progression-free-survival (PFS) but not
overall survival (OS). Currently, CTC assessment has
been approved by the Food and Drug Administration
(FDA) as a prognostic factor to segregate the patients
with metastatic breast cancers into favorable or unfavorable groups and may represent a robust predictive factor
in this metastatic population[36,39].
Colorectal cancer (CRC) is the second leading cause
of overall cancer death in the United States[40,41]. CTCs
can serve as both prognostic and predictive agents for
patients with metastatic CRC. In a large prospective multicenter trial of 413 patients with metastatic CRC commencing first, second or third line therapy, patients with
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Fixed probes

nomic DNA prepared from a cancer tissue. This type of
analysis is particularly useful in the study of diseases in
which certain genes or groups of genes might be deleted; gross deletions occur frequently in cancer, affecting
regions that encode tumor suppressor or DNA repair
genes. Regions of selective gene amplification have also
been reported in cancers, often affecting oncogenes
and genes involved in DNA replication. The microarray
CGH analysis can reveal these regions of lost or gained
DNA and thereby uncover specific genes increasing or
decreasing in the disease[47,48].

Labelled target (sample)

Different features
(e.g., bind different genes)
Fully complementary Partially complementary
strands bind strongly strands bind weakly

Microarray detection of DNA mutations: Although in
cancer many more genes are altered in their abundance
than are mutated[49], in some cases researchers can use
microarrays to detect small mutations or polymorphisms
in the sequence of a gene. In this type of analysis, the
DNA spots immobilized on the array may differ from
one another by only one nucleotide or a few specific
nucleotides and the probe used is genomic DNA from
the individual. These microarrays are frequently used to
identify single nucleotide polymorphisms (SNPs), small
variations in gene sequence that occur in the human
population. This microarray approach is particularly useful in the detection of specific cancer types and other
diseases (or the susceptibility to diseases) associated with
a given SNP pattern[50].

Figure 1 Hybridization of the target to the probe. Probes are fixed to the
matrix and labeled targets are allowed to hybridize with the probes (source:
public domain).

lon or nitrocellulose membranes. The DNA sequences
themselves are typically oligonucleotides (single-stranded
DNA sequences of 5-50 nucleotides) but can also be
longer DNA molecules.
Types of microarray analysis
There are three basic types of DNA microarrays, each
yielding different types of information. Traditional microarrays provide information about the patterns of expressed mRNAs, while new applications of microarrays
make available information on changes in the composition of DNA within the samples analyzed.

Use of microarrays in cancer diagnosis, prognosis and
therapy
Microarrays are particularly useful for studying a large
number of genes quickly. They can measure mRNA expression levels for thousands of genes at once and can
rapidly identify large or small mutations on a global genomic scale. Microarrays have been extremely valuable in
identifying the genes implicated in cancer and other diseases. For example, microarray comparisons of “healthy”
(or “control”) tissue from an individual, with cancer
tissue from the same individual (for example, from a
biopsy or intra-operative sample) have provided valuable information about the specific changes that have
occurred in that particular cancer, specifically alterations
in the abundance of expressed mRNAs and any gross
deletions or amplifications. This information has been
useful in guiding specific aspects of cancer therapy and
in helping with its prognosis[51-53]. Microarrays have also
been used to distinguish between specific types of cancer and to provide clues on the most effective treatment
regimens[54,55]. The use of microarrays to compare one
individual population to another has been used to identify specific SNPs associated with the likely development
of certain diseases and thus have helped with prevention
and monitoring plans.
Studies in the clinical setting are beginning to show
promise for identifying patients with a poor prognosis
based on differential gene expression profiles. In Ntzani
et al[51], receiver operating curves for various cancers
were reviewed and a sensitivity and specificity for predicting death in patients with breast cancer were 91%

Microarray analysis of changes in the levels of expressed mRNAs: Also known as “gene expression microarrays”, this technology provides useful information
on the types and quantities of mRNAs expressed in a
given sample[45]. In these microarrays, the immobilized
DNAs are typically oligonucleotides and the samples
used in hybridization are prepared from mRNA extracted from cells or tissues. The mRNA is then reverse-transcribed to yield complementary DNA (cDNA) subsets
which are labeled with radioactivity or fluorescence. If
the samples are derived from healthy tissue and cancer
tissue from a patient, for example, after hybridization
and signal detection and analysis, the microarray can
uncover specific sets of genes differentially expressed
between the two tissues. This information can then be
used to decide on the appropriate therapeutic regimen
for the patient. This information can also be used in the
rational design of effective drugs.
Microarray analysis to uncover genomic gains and
losses: Comparative genomic hybridization (CGH) microarrays are used to study large genomic gains and
losses, as well as to identify changes in the number of
copies of a particular gene involved in a disease state[46].
In microarray CGH, each spot of target DNA in the array has a known chromosomal location and the samples
tested are large pieces of genomic DNA. For example,
the comparison can be made between labeled genomic
DNA prepared from a normal tissue with labeled ge-
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of the technology in the clinical setting.

and 73%, respectively. In this analysis, only studies that
included more than 500 genes were used. In a study
of Dukes C colon cancer[52] patients, a total of 236 sequences from 218 genes were noted to be differentially
expressed in patients with or without recurrence in 5
years. The expression of K-ras was not predictive of
outcome in these patients; however, the expression of
RHOA, a ras analogue, was an excellent predictor of
recurrence in these patients. In another study of patients
with colorectal cancer, the predictive value of outcome
using gene array data was significantly better than traditional clinical staging methodologies[53]. In a recent study
of breast cancer patients, the over-expression of genes
ANLN, KIF2C and the under-expression of MAPT gene
strongly correlated with poor outcomes in breast cancer
patients[55]. A recent paper comparing gene expression
using microarray technology compared profiles between
patients that had normal colorectal mucosa with patients
with adenomas and adenocarcinomas[56], identified a novel gene locus that is activated very early in the process of
neoplasia and may be used in the future as a novel tissue
or plasma marker for disease.
At present, microarray analysis is still labor-intensive
and requires a minimum of 48 h to collect samples, isolate and process RNA, prepare labeled probes, hybridize
microarrays, analyze microarray signals and compare
samples to samples and to existing databases. For this
reason, microarrays are useful for mid- to long-term
planning of health care decisions. For decisions that
need to be made in a shorter time-frame (e.g., intraoperatively), the technology will still require a significant
amount of automatization and streamlining in order to
be practical in such settings. While individualized medicine is still in the early stages, however, based on the
concept of microarray analysis, hand-held devices to
diagnose disease and to personalize therapy for an individual patient will likely be a reality for physicians in the
not too distant future.

Mass spectrometry
This technique determines the mass of charged molecules
in tissue samples and is used for protein identification.
Mass spectrometry (MS) can be used to study the proteome of mouse solid tumor lysates with similar efficiency
as cell culture models and in amounts compatible with
biopsies[57]. Cancer prediction, early detection, response
to therapy, evaluation and recurrence have been studied
by MS among several solid tumors, including lung and
gastrointestinal malignancies[58-64]. In addition, MS can be
used to determine the abundance of different proteins
in cancer tissues compared to normal tissues using twodimensional gel electrophoresis[65]. This technique of electrophoresis begins with the two-dimensional separation
of proteins: the first dimension separates proteins according to their charges and is known as isoelectric focusing,
while the second dimension separates proteins according
to their molecular weights by sodium dodecyl sulfate polyacrylamide gel electrophoresis. This method is quantitative
and can resolve hundreds, possibly thousands, of proteins
that are differentially expressed. MS analysis is indeed of
high impact in cancer research since it can provide essential information such as protein identity, quantity and its
posttranslational modifications such as phosphorylation.
Such techniques are being used to characterize the
heterogeneity of tumor cells from a single cancer type.
Using these techniques, over 1000 lung tissue samples
have been analyzed and the protein PGK1 has been
shown to be an excellent predictor of survival in patients
with stage Ⅰ lung cancer [58]. In another study of 174
non small cell lung cancer tumors with normal controls,
it was shown that over 25 proteins were differentially
expressed between the two lines. Blood from healthy
individuals has been studied against patients with a tumor and a protein profile has been identified with a 73%
sensitivity and 90% specificity for detection of head
and neck cancers[58,64]. Similar protein profiles between
healthy and patients with ovarian and prostate cancers
have been identified[64]. These observations highlight the
importance of these techniques as they apply to prognosis and detection in cancer cell lines and may come into
clinical practice in the foreseeable future, necessitating
familiarity with such techniques for surgeons.

PROTEOMICS AND CANCER
As highlighted above, the study of cancer by gene arrays
has been widely used to detect changes in gene expression. However, gene arrays do not always reflect changes
in protein abundance. Furthermore, posttranslational
changes, such as phosphorylation, acetylation, ubiquitinylation, protein interactions and subcellular localization, cannot be resolved by gene arrays. These changes
are very important for protein stability and activity
and may determine cell fate and thus protein studies
(proteomics) are essential to uncover these modifications. There are several proteomic techniques that help
scientists to understand and functionally relate protein
changes and cell networking. The techniques described
below can be used to analyze a wide range of samples,
including normal tissue samples as well as solid tumors
such as lung, breast, colon and liver. We will cover the
techniques first and then point out current applications
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Stable isotope labeling by/with amino acids in cell
culture
This technology also utilizes MS to globally determine
protein abundance in cultured cells. In this method,
growing cells are labeled by light medium with normal
arginine (Arg-0) or heavy medium with arginine 6 (Arg-6).
Arg-0 and Arg-6 metabolically incorporate into proteins,
resulting in a shift in the mass of the corresponding
peptides that can be detected by MS (Figure 2). Since
its development almost ten years ago, stable isotope labeling by/with amino acids in cell culture (SILAC) has
been used in cultured cells but not tissues or body fluid
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arrays. IHC is becoming widely used since it enables researchers to screen the expression of certain proteins in
a large number of tissues (normal and cancer) in a short
time and in a cost-effective manner.
The enzyme-linked immunosorbent assay (ELISA)
technique is used to detect proteins from samples of different origin, from intact tissue or cell lysates, and from
fluids such as blood. ELISA can detect protein abundance and also posttranslational modification to proteins
such as phosphorylation. ELISA is quick, simple and
amenable to studying large numbers of samples and is
used as a diagnostic method to detect tumor markers for
earlier detection of cancers[75,76].
The methods summarized above have a great impact
on our understanding and ongoing investigation in tumor proteomics. We believe that these techniques will
develop further, making them more efficient, accurate,
fast and cost-effective.

rel. intensity

Arg-6 "heavy"

m/z
rel. intensity

rel. intensity

Arg-0 "light"

6 Da
m/z

m/z

Figure 2 SILAC-heavy and light arginine is placed in growth medium for
cultured cells. Incorporation of the light and heavy arginine results in a mass
shift of corresponding peptides. Mass spectroscopy is then utilized to detect the
ratios of the peak intensities. The ratio reflects the relative protein abundance in
the two samples. Arg: Arginine. (Source: public domain).

analysis; however, scientists are currently expanding this
method for use in human cancer tissues and recently
developed a technique known as Super-SILAC mix[66].
Although this strategy is still in its infancy, it extends
SILAC-based quantitative proteomics to the study of
proteins in cancer tissues. It can be used for the early detection of cancers[67] through the identification of potential biomarkers[68], pharmacological targets[69], molecular
networks[70] and post-translation modifications[71,72].
Esophageal cancer, often insidious in presentation
and unresectable at detection, has been studied with this
technique to identify specific protein profiles that differ
between normal esophageal epithelial cells and those of
esophageal carcinoma cells. In one study, a total of 441
proteins were studied and over 120 proteins were identified as being > 2 fold up regulated in cancer cells. Such
techniques potentially allow for the early detection of
patients with esophageal cancer, allowing surgical therapy to be of benefit to a larger group of patients[68].

RAPID SEQUENCING TECHNIQUES
Use of high-throughput sequencing technology in
biology and medicine
The completion of sequencing of the human genome
has opened a floodgate of opportunities to understand
biological processes, variations among individuals and
between normal and disease states. Many research groups
are now investigating global changes in chromosomal
DNA or their transcribed RNA. The need for fast and
accurate sequencing methods to carry out these studies
has led to the development of many innovative sequencing platforms, collectively known as high-throughput sequencing (HTS) technology. Thanks to this technology,
we now have datasets available on various aspects of
cellular biology, including genome, transcriptome, epigenome and interactome, leading to a better understanding of biological processes[77]. Here, we discuss some
of the applications of HTS approaches and their use in
understanding diseases. This will be a fairly detailed look
at the techniques and several examples of current clinical use will be highlighted. These methods are in their
infancy and direct application to the clinical setting is
only beginning to be realized.

Western blotting, immunohistochemistry and
enzyme-linked immunosorbent assay
Western blotting (WB) is widely used and based on antibody technology. Protein sequence, molecular weight
and post-translational modification can be studied by
WB. Lysates from all types of tissue, including solid
tumors, can be studied by WB to investigate aspects of
protein characteristics, including abundance, stability and
posttranslational modification. In cancer research, large
numbers of proteins can be investigated using this technology in the form of protein microarrays, discussed
elsewhere in this review[73,74].
Immunohistochemistry (IHC) also enables researchers to determine protein abundance, posttranslational
modification and, more importantly, direct assessment
of its subcellular localization. IHC is the most common
way to visualize protein-antibody interaction and is based
upon fluorescence technology. This method has clearly
advanced our knowledge of cells since tissues can be
organized and stained in an array format known as tissue
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Methodology: Distinct chemistry and technology are
involved in different HTS platforms. Typically, all of the
platforms depend on parallel sequencing on multiple
short DNA fragments (typically 50-300 bases) generated
from genomic DNA or from cDNA. These sequence
reads are then aligned to the available genome databases
and processed to get relevant information. The data
generated from such experiments are enormous and can
serve as a source for unending analysis to get different
kinds of information. Upon initial publication, the data
is made available in public databases for other scientists
to use in their analysis, which ultimately enriches our
knowledge of biological processes.
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Different uses of HTS technology
Genome analysis: Scientists studying human genetics ultimately aim to map every genetic variant and link
them to phenotype. Many genome-wide association
studies reveal that only a modest fraction of heritable
risk for common diseases is explained by known genetic
variants. This raises the question whether rare variants
exist in individuals which could account for unexplained
heritability. Recent developments in HTS have helped to
address this question by sequencing whole genomes or
part of the genomes to identify genetic variations that
could lead to disease. For example “exome-sequencing”
(sequencing of all protein coding regions) of eight normal individuals and four individuals with a rare dominantly inherited disorder, Freeman-Sheldon syndrome
(FSS), led to the identification of many rare and common variants in the coding sequences. Extensive analysis
of this data set revealed that MYH3 (identified previously by a candidate gene approach) was a candidate for
FSS[78]. This proof of principle analysis has been followed up by other such analysis, leading to identification
of novel candidate genes for different diseases[79]. HTS
has also been used to detect personalized copy-number
variants and gene-fusion events which could explain individual differences in susceptibility to diseases[80]. The
use of such information has the potential for identifying
individual susceptibilities to various diseases and specifically cancers. This information may allow for potential
screening of true at risk individuals based on their sequence specific propensities for cancer development.

describe modifications of the basic components of
chromatin, i.e., DNA and histone proteins [86], which
typically control transcription. It is now increasingly appreciated that epigenetic abnormalities play a key role
in cancer and other diseases[87]. HTS coupled to techniques like bisulfate treatment (for DNA methylation
status) or chromatin immunoprecipitation of modified
histones are employed to understand genome-wide
epigenetic differences between normal and abnormal
(e.g., disease) phenotypes [88-90]. Many of the protein
modifications occurred in genes responsible for pluripotency and differentiation, perhaps indicating their
importance in inducing cancer in cell lines. The powerful
DNase Ⅰ hypersensitivity site footprinting coupled to
HTS is used to define open chromatin structures which
are the potential regulatory sequences[91].
Interactome analysis: To understand how genes bring
about a phenotype, it is important to understand the
functional and physical interactions of chromosomal
genes, as well as their products (RNA and protein). Investigation of these interactions is important to further
our knowledge of diseases[92]. Chromatin immunoprecipitation followed by sequencing (ChIP-Seq) is the most
sought-after method to identify transcription factor or
transcription complex binding to chromosomes. For
example, since the sites binding by RNA polymerase Ⅱ
(RNApolⅡ) usually define active transcription, ChIPSeq of RNApolⅡ has been used to investigate questions
such as the transcriptional state, the normal transcription
starting sites, and the prevalence of aberrant or alternate
transcription starts[89,93]. Combinatorial analysis of different ChIP-Seq experiments can lead to the understanding
of the complex nature of chromosome organization
and how it is regulated by many cellular factors. For example, Barski et al[89] used ChIP-Seq analysis to generate
high-resolution maps for the genome-wide distribution
of histones, RNA polymerase Ⅱ and CCCTC-binding
factor (CTCF; the insulator binding protein) across the
human genome, which revealed the complex nature of
genome organization and how this affects transcription. Similarly, ChIP-Seq analysis of estrogen receptor
α (ER-α; key component of estrogen regulated transcription) and RNA polymerase Ⅱ not only revealed the
binding sites of ER-α on human chromosomes but also
showed the complexity of transcriptional states of these
genes in response to estradiol and/or its antagonists[94,95].
Interaction of a RNA with RNA-binding proteins (RBP)
or microRNA-containing RNA-Induced Silencing Complex (RISC) determines the fate of the transcript, including pre-mRNA splicing, and mRNA stability, localization and translation[96-102]. Some of these interactions
have been linked to key cellular functions like synaptic
plasticity and carcinogenesis[97-99]. Cross-linked immunoprecipitation (CLIP) methods coupled to HTS have
helped to elucidate the networks of interaction of RNAs
with RNA-binding factors[96-102]. This analysis has led to
a better understanding of RNA biology. For example,

Transcriptome analysis: HTS has opened up the doors
to study the RNA transcripts generated from the chromosomal DNA in ways which were not possible using
traditional sequencing methods or microarrays[81]. For
example, using HTS, we not only get the qualitative and
quantitative data on expression of all known protein
coding RNAs (similar to that of microarray), but also
that as yet unknown RNA transcripts. For example, HTS
can identify the presence of unknown gene fusions[82],
RNA editing and new classes of noncoding RNAs, as
well as unknown and less abundant splice variants and
splice regions[83]. Combining HTS with the nuclear runon assay has allowed scientists to monitor transcription
rates, as well as to appreciate the prevalence of antisense transcription, divergent transcription and transcription extending beyond the pre-messenger RNA 3’
end cleavage site[84]. As an extension of this methodology, one can also monitor the rate of mRNA degradation, as well as understand the degradation processes
using HTS. These data not only enrich our knowledge
of biological processes but also help us to differentiate
normal and diseased states. For example, it can help in
the identification of an unknown gene fusion event[82],
non-coding RNA[85], splice variant or RNA editing that
could be responsible for a given disease.
Epigenome analysis: Epigenetic modifications broadly
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HTS of RNAs interacting with the RBPs Nova[96] or
HuR[100-102] led to the discovery of roles played by these
RBPs in the splicing of their target mRNAs. CLIP of
Argonaute complexes revealed how the RISC interacts
with its target mRNAs and microRNAs and further illuminated microRNA mediated mRNA regulation[98,99].
Similarly, CLIP of ribosomes gives us a global view of
different aspects of translation (the decoding of mRNA
to synthesize protein) as it happens in the cell, including
initiation rates, initiation and termination sites[103]. Coupling microRNA or RBP modulation to ribosome CLIP
or nascent RNA/protein translation assays and HTS
can determine the role of these factors in the stability or
translation of their target mRNAs[104]. Some of the long
standing questions of basic biology and medicine are
now being tackled with these methodologies[105].
Some examples of current clinical use of these technologies include the use of high-throughput sequencing
in colon cancer to study microsatellite instability and its
relationship to chemotherapy resistance in colon cancer
patients[106]. In this study, colon cancer cell lines were
compared to normal colonic mucosa. The expression
levels of over 40 proteins involved with chemoresistance, DNA repair, DNA damage and drug metabolism
were studied. A significant difference in expression of
these proteins was noted between the two cell types. In
triple negative breast cancer patients, molecular profiling of breast cancer patients in genome-wide analysis is
being used to show heterogeneity among this group of
patients. By understanding these differences, it allows us
an opportunity to identify novel prognostic and predictive biomarkers in an effort to develop novel therapeutic
agents[107] and will better help us tailor our therapeutic
options with individual patient differences. These advances will inevitably become a common part of the
treatment algorithms available to our patients with cancer in the near future.
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CONCLUSION
This is an exciting time for many technologies and our
understanding of molecular events is increasing each
day. As this knowledge base is developed, many techniques that appear to be solely in the realm of the laboratory are becoming commonplace in the care of our
surgical cancer patients. These technologies will allow us
to better match the molecular makeup of individual patients with the diseases that they suffer from. Promising
collaborations among bench scientists, computational
biologists and clinicians have been forged in the quest to
answer these pressing questions.
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