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Next generation sequencing technologies in cancer diagnostics and therapeutics: A mini
review
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Abstract

The development of advanced molecular technologies has ushered in the era of ‘omics’ science, including transcriptomics, proteomics, and genomics. Genomics, or
whole genome approach, has become the most comprehensive investigative method to identify new gene mutations, signal pathways and drug targets for cancers.
The purpose of this review is to summarize current second generation sequencing techniques in applied genomics, and to analyze the advantages and/or problems
associated with each of the various sequencing platforms. Our understanding of molecular factors associated with tumorigenesis is no longer limited to the mutation
of well-known cancer related genes, but may involve a broader range of factors involved in tumor development, including novel somatic mutations, gene fusions,
long non-coding RNAs, microRNAs, copy number variations, methylation, and genomic structural variations. Furthermore, these new methods are not limited to

analyses of single genetic or epigenetic factor, but offer comprehensive molecule profiling as a more critical and powerful approach to decoding the mystery of tumor

development and identifying more reliable cancer biomarkers.
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Introduction of Next Generation Sequencing (NGS)

Cancer persistently remains one of the leading causes
of death annually, due in part to the complicated nature
of cancer development, as well as the limited availabili-
ty of precise diagnostics and effective treatments in cli-
nical practices. Traditional diagnostic methods include
biopsy, Magnetic Resonance Imaging (MRI), endosco-
py, and blood tests (1,2). Surgery, chemotherapy, radio-
therapy or transplantation are the primary approaches
to cancer therapies, but the complexity of the cancer
microenvironment and variations in immune-responses
require more advanced technologies designed to decode
individual disease profiles. This has led to the evolu-
tion of high-throughput, next generation methodologies
to accelerate sequencing using parallel processing. The
resulting, enhanced whole genome and transcriptome
sequencing techniques have significantly changed our
understanding of genomic variations in cancer diseases,
and by narrowing the resolution of genetic variations
among cancer patients to single base pairs, it seems li-
kely that future approaches to diagnostics and therapy
will incorporate personalized data in the development
of clinical applications (3).

Acquiring the information necessary for this type
of medical innovation requires the capability of rapidly
analyzing large volumes of genetic data, as would be
found in an organism’s genome. This can be achieved
using Whole Genomics Sequencing (WGS) technology,
which generates millions of short DNA sequence frag-
ments (i.e., reads) from a genome (4). The range of read
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lengths may vary depending on the technology used.
For example, Illumina reads 25-300 base pairs with
98% accuracy, while Pacbio can read thousands of base
pairs with 87% single-read accuracy (5). In top down
sequencing projects, computational algorithms are used
to merge and organize reads into longer sequences
called “contigs” (a.k.a assemblies). These calculated
contigs are then reorganized into a scaffold if a com-
plete reference genome is available, thus providing a
rapid methodology for genome sequencing. Under ideal
circumstances, computer algorithms would process
vast quantities of data both accurately and rapidly, but
in reality, the application of computational methods in
scientific research frequently involve some minor com-
promises between quality and quantity, where some loss
of accuracy (quality) may be acceptable in exchange for
rapid analysis (quantity). Typically, some minimum
standard is established by consensus. To address this
question for genomic data, a definition of “high-quality”
assembly has been promulgated by Genome Assembly
Gold-Standard Evaluations (GAGE) (6,7) and applied
in two competitions to evaluate the quality of contigs
generated by popular assembler software: “Assembla-
thon” (8,9) and the “De Novo Genome Assembly As-
sessment Project” (dnGASP) (10). Thus, recent impro-
vements to sequencing technologies have enhanced our
ability to explore the genetic factors of cancer biology
in terms of timeliness, accuracy and reduced costs, al-
though these improvements have also come with mathe-
matical, statistical, and computational challenges.
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Platforms of Next Generation Sequencing

Frederick Sanger introduced a Sequencing methodo-
logy in 1977 that has proven to be effective for small
scale sequencing, and has been used extensively for the
last 35 years (11,12). However, whole genome sequen-
cing techniques remained unattainable until the year
2000, following successful launches of Roche 454 GS20
(13)and ABI SOLID (14). The preliminary successes
of these platforms were soon followed by Ion Torrent
(15),PacBio (16) and Illumina (17) platforms, that rapi-
dly permeated the market of genomic sequencing. More
recently, third generation sequencing platforms, such as
Nanopore (18,19), have been generated for commercial
use. A summary timeline of the development of DNA
sequencing platforms is presented in Figure 1. Brief
introductions of some commonly used NGS platforms
are described below.

Hllumina

The Illumina sequencing platform launched later
than its competitors, but quickly dominated the NGS
market. This platform utilized Sequencing by Synthe-
sis (SBS) technology, which allowed for the analysis of
millions of base pairs of the genome sequence within the
relatively short span of several hours. NGS sequencing
on the Illumina instrument is divided into four major
steps: Library preparation; Cluster Generation; Pair-end
Sequencing and Data analysis.

Library preparation: During this step, genomic
DNA is fragmented randomly. Methods for DNA shea-
ring include: physical shearing (e.g., acoustic shearing,
sonication, or hydrodynamic shearing) or enzymatic
shearing (e.g., shearing by restriction endonuclease or
transposase (20)). One commonly used acoustic shea-
ring device is the Covaris® instrument, which shears
genomic DNA into 100-1500bp (microTube), 2—5kb
(miniTube) or 6-20kb (gTube) fragments (21). Simi-
larly, Megaruptor® from Diagenode was designed to use
hydrodynamic shearing to produce libraries between
2-90kb. This system can produce a higher and more
reproducible yield of fragments, exhibiting a more nar-
row size distribution. Conversely, NEBNext*Double-
Stranded DNA (dsDNA) Fragmentase uses two en-
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zymes to randomly generate nicks on a single strand
of dsDNA, and then cleaves the opposite strand at the
same location (22). Another approach, tagmentation,
uses a transposase to simultaneously fragment and in-
sert adapters onto ds DNA (23). Subsequent to shearing,
adaptors with 6-8 bp specific nucleotide sequences are
ligated to the 5" and 3’ ends of each fragment. These
adaptor-ligated fragments are PCR amplified and bead
purified. Commercial library preparation kits that are
extensively used include Illumina Nextera®, NEB-
Next Ultra®, Agilent XT®, Nugen Ovation Ultralow®,
QiagenGeneread®, LucigenNxseq®, BiooNEXTflex®,
and Rapid DNA-seq.

Cluster generation: In this step, the library is dilu-
ted to 4-10 pmol, denatured using NaOH, mixed with
1-5% PhiX control, and loaded into the flow cell which
contains 1 (MiSeq), 4 (NextSeq) or 8 (HiSeq) lanes
(24). The loaded DNA fragments bind the surface-
bound oligos complementary to the library adaptors.
Each fragment is amplified to the local cluster by bridge
amplification.

Pair-end sequencing: Illumina uses sequencing by
synthesis method (SBS), where four reversible, termi-
nator-bound dNTPs are naturally incorporated into the
synthesized sequence (25). The fluorescence of each
bound nucleotide is observed by camera and the dyes
with the terminal 3’ blockers are washed away.

Data Analysis: After sequencing, information acqui-
red from base reads, and the associated quality scores,
are stored in a Fastq file. Adaptor sequences are then
trimmed from each read. The sequences are then either
mapped to reference genomes, or a de-novo assembly
is constructed if the genome reference is unavailable.
Following the de novo assembly, segments of the conti-
nuous sequences are then aligned, based upon overlap-
ping regions, to form the contigs (26).

Roche 454

The Roche 454 sequencer is based on a pyrosequen-
cing method, where genomic DNA strands are sheared
into fragments between 400-600bp, ligated with adap-
tors, and then separated into individual strands (14).
Emulsion oil is then injected into the DNA/enzyme/
reagent mixture to form emulsion droplets, and each
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Figure 1. Timeline of the development of DNA sequencing platforms.
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droplet contains a single DNA fragment with a synthe-
tic enzyme. Inside each droplet, the single nucleotide
sequences bind to the surface of the beads, and an emul-
sion based PCR (em-PCR) is performed to amplify the
single fragments into multiple copies on the bead sur-
face. The DNA-captured beads are then placed onto a
PicoTiter Plate containing 1.6 million wells. Each well
has a 75 pL volume, and measures 44 pm in diameter.
Free nucleotides attached to luciferase are sequentially
transferred onto the PicoTiter Plate, and single nucleo-
tide complements to the template then generate light
signals, which can be captured by a charge-coupled
device (CCD) camera (27).

One main prerequisite of Roche 454 sequencing is
that each bead is covered with multiple copies of the
same DNA fragments. Two different adaptors can be li-
gated sequentially onto the 5" and 3’ termini of the DNA
fragments, where one of the adaptors is complementary
to the oligonucleotides on the surface of the beads, after
DNA fragmentation and bead binding, while the second
adaptor bound to the other free side will bind to spe-
cial capture beads, and the unbound DNA fragments are
subsequently washed out (27,28).

ABI SOLiD

The SOLiD sequencing platform, produced by Tech-
nologies/Applied Biosystems (ABI), performs sequen-
cing by ligation method. Using methods similar to those
used for Roche 454 library preparation, the genomic
double stranded DNA molecules are sheared into small
pieces, and ligated with P1 and P2 adaptors on the two
prime ends. The end carrying the P1 adaptor binds to
the surface of the magnetic bead, and emulsion PCR is
used to amplify the single nucleotide fragments. The
oil is then washed out, and four fluorescent labeled di-
base probes are added to the bead mixture. By matching
the 1%t and 2™ positions of the template using di-base
probes, fluorescence can be detected, while the extra tail
carrying the fluorescent probe is cleaved out. Following
multiple cycles of ligation, detection and tail clea-
vages, the extended chain will reach the end of the tem-
plate. The entire extension chain is then removed and
a new starting primer is incorporated, which is moved
downstream by one nucleotide position, thus binding it
onto the template for another cycle of reaction. In total,
five rounds of primer binding cycles are performed to
complete the sequencing of each fragment (29,30).

Limitation of NGS

Errors may be introduced at every step of the sequen-
cing process, including library preparation, cluster
generation, sequence amplification and data analysis.
Barcode incompatibility may result in a reading failure
of the index due to color imbalance (31). As Illumina
uses green laser to read G/T and red laser to read A/C,
it is important to maintain the reads associated with the
two different colors at each cycle. Therefore, checking
the index combination before pooling libraries is essen-
tial for successful sequencing. The presence of a highly
pure library, prior to loading to Miseq, is also essential
for optimal sequencing. Cluster generation is another
approach used to obtain high quality sequencing reads.
Clustering improves data quality but reduces output,
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while over—clustering may produce higher sequencing
errors with poor Q30 (where Q30 represents 1 error in
1000 bases)(32,33). Therefore, both under-and over-
clustering will result in lower quality data output. Du-
ring PCR amplification, DNA polymerase may natural-
ly generate bias by incorporating the wrong nucleotides
into the amplified chain, or it may inefficiently amplify
G-C rich regions (34,35). Inverted repeat regions inhibit
the elongation of lagging strands by folding the single
strand nucleotides (36).

Different sequencing platforms have their own pros
and cons. The Illumina sequencing platform exhibits a
lower error rate (10) than other platforms, but begins
to exhibit significant loss of quality after 50 cycles.
Additionally, the shorter reads (150-300bp) produced
by Illumina are more difficult to assemble into a com-
plete genome using a de novo assembly algorithm, and
consequently may not properly align with the reference
genome (37). Shorter reads may also inhibit accurate
assembly if the reads include indels, or translocations
that occur during sequence alignment (38). The SOLiD
platform requires significantly more time for sequen-
cing, and the reads produced are not suitable for de novo
assembly (39), while the neighbor wells in the Roche
454 platform may produce signal noise which can per-
sistently disrupt the reading quality of the target well
(40).

The availability of a genome reference greatly re-
duces the error rate during genome assembly. However,
if no reference genome is available, de novo assembly
will be performed to combine the overlapping reads into
longer pieces, called contigs. Two classic algorithms
used for de novo assembly are overlap graphs and De
Bruijn graphs (26). Assembly errors may be reduced
by adjusting the de novo assembly parameters used to
map reads back to contigs, including k-mer (word size),
bubble size, length fraction and similarity fractions
(41,42). Highly repetitive sequences are another chal-
lenge for de novo assembly, as genomic assemblers are
frequently unable to differentiate between two reads ex-
hibiting similar repetitive patterns (26). N50, maximum
length and average coverage are also essential factors to
be evaluated for assembly quality.

Second generation sequencing may also be limited
by a lack of information associated with DNA modifi-
cations that occur during sequencing amplification, and
this information might be essential for understanding
the genetic bases of diseases.

Latest techniques to improve NGS

Currently, 3 generation sequencing platforms are
being developed to improve the accuracy of whole ge-
nome sequencing data and acquire a more complete cha-
racterization of DNA modification, as well as DNA and
protein interactions. These 3™ generation sequencers
utilize sensors to directly inspect single nucleotides, and
this process eliminates the necessity of sample washing
following nucleotide amplification. Nanopore sequen-
cing is one of the most developed of these sequencers.
With a diameter of 1 nm, the Nanopore traps a single
nucleotide from the fragment, and detects the ion cur-
rent change, which varies depending on the size, shape
and length of the DNA sequence (19). Commercially
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available platforms include the Oxford NanoporeMi-
nlON® and PromethION®.

The development of libraries with longer inserts,
coupled with a more powerful sequencing platform,
would reduce the error rates associated with short read
pair-end sequencing and improve the accuracy of the
genomic data. The PacBio-SMRT® sequencing plat-
form is based on real-time sequencing using a synthesis
method, and is designed to sequence longer fragments.
After each fluorescence-labeled nucleotide is incorpora-
ted into the DNA strand, the fluorescent label is remo-
ved, leaving the synthesized strand(5). This approach
allows for detection of subsequent DNA modifications,
including methylation or acetylation. The technology
also provides the capability of sequencing single frag-
ments from 5-20kb, which can close the gaps between
contigs.

The Mate Pair library can store insert fragments from
1.5-20kb, but requires a large input of DNA to build the
library. For instance, Nxseq” Long Mate Pair Library
Kit from Lucigen was able to prepare a long insert li-
brary when running a sample on an Illumina sequencer.
These libraries can be prepared with fragments from
2-8 kb using bead-based sizing methods, or 10-20 kb
using gel-based sizing methods (43). The sheared and
end-repaired DNA fragments are ligated to a coupler
with a unique Chimera Code sequence, forming a cir-
cular DNA. Exonuclease is used to digest the unwanted
DNA, following which a junction code is inserted into
the sequence. The library is then amplified using PCR,
and Mate Pair sequencing is performed using an Illu-
mina sequencer.

Identifying novel cancer biomarkers using advanced
genomics technologies

Through the use of advanced molecular techniques,
such as Whole Genome Sequencing (WGS), Whole
Exome Sequencing (WES), Amplicon sequencing,
Target resequencing, and Metagenomics, research has
identified a number of factors associated with tumorige-
nesis in addition to mutations of known tumor suppres-
sor genes. These factors include novel gene mutations,
gene fusions and re-arrangements, Long non-codling
RNAs (IncRNAs), microRNAs, copy number varia-
tions (CNVs), methylation, and structural variations,
which can contribute to cancer development.

Gene mutations — Traditionally, gene mutations
have been identified by PCR amplification and Sanger
Sequencing (44-46). However, the more recent deve-
lopment of genomic technologies has led to the disco-
very of novel genes, biomarkers, or new mutations of
previously identified genes. Comparative genomic ana-
lyses have improved our ability to construct more com-
plete and systematic gene mutation profiles (47-49). A
partial list of genes identified in the last 5 years using
advanced genomic approaches is presented in Table 1.

Gene fusions — Gene fusion, caused by chromosome
translocation, is the joining of two unrelated exons, pro-
ducing a chimeric mRNA transcript and protein (50). It
has been frequently identified in diverse types of cancers
in recent years. In 2011, using high-throughput RNA
sequencing, Ha et al. identified 2 previously-characte-
rized, and 3 novel in-frame gene fusions, from 10 breast
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cancer samples (50). These results suggested a relation-
ship between gene fusions and BRCAI breast cancer,
but due to the small sample size, it was not possible to
identify gene fusion as the major cause of BRCA ! breast
cancer. In another related study, analysis of the struc-
tural variations of breast cancer genomes, using a com-
bination of classical molecular cytogenetic approaches
with pair-end sequencing, revealed the expression of
12 fusion genes (51). Moreover, 24 novel and 3 pre-
viously studied fusions genes in breast cancer were also
identified by Edgren et al. using RNA sequencing and
improved bioinformatics methods (52). By using pair-
end deep sequencing technology, Inaki et al. reported
that approximately 50% of genomic rearrangements
lead to gene fusions, of which the fusion RPS6KB1-
VMP1 is expressed in approximately30% of breast can-
cers (53). Another recent study of genomic variations
of gastrointestinal stromal tumors using transcriptome
sequencing identified 328 gene fusions, most of which
are related to IGF2 gene (54), while several studies
of lung cancer in non-smokers have found that ALK-,
ROS1-, RE- and NRG1-related genes fusions are po-
tential therapeutic targets for aggressive lung diseases
(55,56). Collectively, these studies illustrate that analy-
zing a great number of samples by massively parallel
sequencing or target sequencing in both genomic and
transcriptomic levels is required in order to acquire a
more comprehensive understanding of cancer diseases
(50). Currently there are several cancer fusion genes da-
tabases available, including: ChimerDB (http://biome.
ewha.ac.kr:8080/FusionGene/index.jsp), comprised
of more than 2700 fusion transcripts with high confi-
dence (57); the Mitelman Database of Chromosome
Aberrations and Gene Fusions (http://cgap.nci.nih.gov/
Chromosomes/Mitelman) comprised of approximately
10,000 fusions, and the TCGA Fusion gene Data Por-
tal (http://54.84.12.177/PanCanFusV2/) comprised of
more than 8700 fusion genes (58).

Long non-coding RNA (IncRNA) — IncRNA is ano-
ther newly-identified epigenetic factor that plays a si-
gnificant role in cancer initiation and development. In a
very recent study using helicos single molecule sequen-
cing, the expression variations of a subset of Glio-
blastoma Multiforme (GBM) IncRNA were identified.
This study further indicated that the Bromodomain and
extraterminal (BET) domain protein, a promising anti-
cancer target, directly regulates IncRNA expression
(59). Additionally, analysis of the oncogenic role of a
2455-bp HNF1A-AS1 IncRNA on adenocarcinoma,
based on comparison of 40 lung adenocarcinoma and
non-tumor samples, revealed that expression levels of
HNF1A-AS1 were significantly up-regulated in the can-
cer tissues (60). The results of these and similar studies,
suggest that the development of novel long non-coding
RNA-based biomarkers will play a significant role in
early cancer diagnostics and cancer stage differentia-
tions.

MicroRNAs — MicroRNAs are small (20-22 nt) non-
coding RNAs involved with post-translational regu-
lation of gene expression. Cancers are always closely
related to the dysregulation of specific miRNA genes;
therefore, discovery and control of dysregulated miR-
NA could help design future miRNA-based chemothe-
rapies (61). Due to the stability of miRNAs in blood,
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Table 1. Selected novel genes mutations in cancer diseases during the last five years.

Cancer Type Genes or Biomarkers Mutation rate Technologies Function Ref
PARK2 2.7%-5.6% WES Tumor suppressor (85)
Lung Cancer s .
U24F1, RBM10 and ARID1A 3%—7% WGS, WES RNA binding protein (86)
KIAA1324 78% RNA seq Tumor suppressor (87)
Gastric Cancer ARIDIA 73-83% WES Chromatin remodeling (88)
MLL3, MLL,ARID1A 47% WES Chromatin remodeling (89)
PIK3CA/B, R-spondin,
f-catenin, WES
N/A N/A (90)
BRAF/RAF1, APC, ZBTB16/ RNA seq
PLZF
SPOP- encodes the substrate-binding subunit
of a Cullin-based E3 ubiquitin ligase;FOXA1-
transcriptional activators for liver-specific
SPOP, FOXAI, MEDI2 6-15% WES ) . . 1)
transcripts;MED12- encodes a subunit of the mediator
Prostate Cancer . .
complex and the Cyclin-dependent kinase 8 (CDK8)
sub-complex
CHD1-Chromatin remodeling
CHDI, MLL2, FOXAI 3.4%-8.6% WES MLL2-Chromatin remodeling 92)
FOXAT1-AR collaborating factor
WGS& Amplification of MYCL is associated with TP53
MYCL 8%-20% Copy number deletion, unique profiles of DNA damage, and (93)
aberration (CNA)  transcriptional dysregulation
WS GATA2-Regulates transcription of genes involved in
GATA2 and EZH?2 RNA the development and proliferation of hematopoietic (94)
se:
q and endocrine cell lineages
Leukemia Whole-exome KRAS-receptor tyrosine kinase (RTK)/RAS signaling
KRAS-63% and subsequent pathway
KRAS and CREBBP L . 95)
CREBBP-24% targeted deep CREBBP-binding protein for the cAMP-response
sequencing element binding protein
WGS
WES
Copy number Encodes protein elongin C, a subunit of the
. TCEBI 95.4% . (96)
Renal Cell Carcinoma and/or transcription factor B (SIIT) complex
(RCC) methylation
analyses
Encodes chromatin-targeting subunit of the PBAF
PBRM1(polybromo 1) 41% WES . . 97
SWI/SNF chromatin remodeling complex
Comprehensive
CASPS, H19, MIR195, RBI, methylome
) N/A . Tumor suppressors (98)
Wilms Tumor TSPAN32 analysis and
RNA seq
Metastatic colorectal Oncogene, involved in PI3 kinase signaling and
. INPPLI 4% WGS . (99,100)
carcinoma (mCRC) promotion of tumor development
Diffuse intrinsic . . .
. i Encodes a type I activin receptor serine/threonine
pontine gliomas ACVRI 20-21% WGS R (101,102)
kinase
(DIPG)
Low-grade gliomas BRAF, RAF1, FGFRI, MYB,
N/A WGS N/A (103)
(LGGs) MYBLI1,H3F34 and ATRX
) EGFR, PDGFRA, MET, OncoCopy and
Glioblastomas N/A N/A (104)
EGFRVIIL, PTEN, 1p/19q OncoMap
ARIDIA, RPS6KA3, NFE2L2,
WES
Hepatocellular IRF2
) N/A Copy number N/A
carcinoma (HCC) RPS6KA3-AXINI and s (105,106)
analysis
NFE2L2-CTNNBI Y
Integration of
PPP6C, RACI, SNX31,
Melanoma N/A Exome and copy N/A (107)
TACCI, STK19, and ARID2
number data
. ZIM2, MAP2K4, NALCN, WES and copy-
Pancreatic Cancer N/A N/A (108)

SLC16A44 and MAGEAG6

number analysis

they have been identified as useful biomarkers, and pro-
filing of serum circulating miRNAs has proven to be a
useful tool for cancer diagnostics (62,63). In early 2009,
Roche 454 pyrosequencing analysis of small RNA from
breast cancer samples identified 5 novel miRNAs (64).
Later, in 2011, Persson et al. performed extensive next-
generation sequencing of paired samples of normal and
tumor-adjacent breast tissue, and identified 361 new
miRNA precursors. Approximately 10% of these miR-
NA were located in a highly amplified genomic region
of breast cancer cells (65). In another study using Miseq

Copyright © 2015. All rights reserved.

from [llumina and qRT-PCR, samples from 250 bladder
cancer patients and 240 controls were compared, and a
six-miRNA panel (miR-152, miR-148b-3p, miR-3187-
3p, miR-15b-5p, miR-27a-3p and miR-30a-5p) was de-
veloped to diagnose bladder cancer (66). Additionally,
the analysis of miRNA profiles of gastric cancer using
NGS-based whole-transcriptome profiling of 274 gas-
tric tissues resulted in the identification of four gastric
cancer-specific miRNAs, among which miR-29¢c was
significantly reduced in cancer tissues, as compared
with the controls (67). Therefore, detection of miR-29¢
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expression levels may represent a sensitive biomarker
for early diagnostics.

Cell-free circulating tumor DNA (ctDNA)—-CtDNAs
have recently been identified as promising non-inva-
sive cancer biomarkers used for the detection, moni-
toring and treatment of cancers. Several studies have
reported the presence of high level of ctDNAs in the
serum of patients with lung, colorectal and breast can-
cers (68-70). To detect these biomarkers, Newman et
al. developed CAPP-Seq (Cancer Personalized Profi-
ling by deep Sequencing), an ultrasensitive method to
quantify ctDNA (71). In this approach, the library pre-
paration method is improved for low DNA input, and
biotinylated DNA probes, specifically targeted to muta-
ted regions of the cancer genome, are used as ‘selectors’
to identify cancer related mutagenesis. Another repor-
ted approach for detection of these biomarkers utilized
whole genome sequencing to identify circulating DNA
methylation changes as a signature of recurrence risk in
cancer patients following surgery (72).

DNA methylation — DNA methylation is a catalytic
process by adding methyl groups to the cytosine using
DNA methyltransferases (DNMTs) (73). Methylation of
DNA is involved in many critical cellular mechanisms,
such as suppression of repetitive elements, carcinoge-
neiss, cell cycle regulation, alteration of gene expres-
sion. It has been considered as one of the critical epige-
netic elements related to cancer development. Methyla-
tion mainly occurred at the cytosine within CpG island,
and multiple studies proved that in cancer cells, a large
number of genes expression was regulated by DNA
methylation at the promoter regions (74).

By using the next generation sequencing technolo-
gies, more cancer related DNA methylation patterns,
the metastatic or re-occurance status of cancer patient,
and the classifications of cancer diseases were detec-
ted more accurately. To characterize the status of DNA
methylation in the genome, specific techniques were
developed, such as whole genome bisulfate-converted
sequencing (75) and methylated DNA immunopreci-
pitation (MeDIP) (76). Bisulfite genomic sequencing
was first developed by Frommer et al in 1992 (77). In
principle, sodium bisulfate could convert unmethyla-
ted cytosine into uracils, which will be recognized as
thymines during PCR and sequencing. Methylated cy-
tosines, which are not converted, will be observed as
cytosines in the sequencing data. Whole genome bisul-
fate sequencing has been extensively used in cancer
diagnostics, surveillance and treatment. For instance,
by using Whole-genome bisulfate sequencing and dif-
ferential methylation analysis, 21 novel hotspots in the
CpG islands were identified as biomarkers to differen-
tiate health individuals and breast cancer free survivors
(72). In order to target on single cytosine modifica-
tion on the whole genome sequence, bisulfate-treated
sequence data were aligned to reference genome and
single nucleotide variants were detected by MethylEx-
tract software (78). Methylated DNA immunoprecipi-
tation (MeDIP) is another widely used technique for re-
duced regional sequencing. Basically, antibody against
S-methylcytosine (5SmC) were used to purify and enrich
methylated DNA sequences. These purified DNA pieces
will be sequenced by next-generation sequencing. An
example is the MeDIP sequencing of whole-genome
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DNA methylation profiles of 8 human breast cancer
cell lines. A massively reduced methylation level were
observed in the CpG-poor regions of breast cancer cell
lines, compared to normal control (79).

Conclusions

The optimization of bioinformatics tools has fur-
ther expanded our capacity to develop combinational
studies, utilizing multiple genetic factors related to
cancer, to perform comprehensive molecular profiling
(80,81). In 2013, the Cancer Genome Atlas Network
Group combined 5 genomic analysis platforms, inclu-
ding genomic DNA copy number arrays, DNA methy-
lation, exome sequencing, messenger RNA arrays, and
microRNA sequencing, to reexamine gene expression
subtypes and the existence of four main breast cancer
classes (82). In addition to the three major genes (TP53,
PIK3CA and GATA3) related to breast cancer (>10%
occurrence), numerous novel genes, signal pathways
and protein-expression-defined subgroups were also
identified. Another comprehensive molecular profi-
ling was compiled based on 276 colorectal carcinoma
samples. Exome sequencing, copy number variations,
methylation, and miRNA analyses were conducted, and
24 significant gene mutations and recurrent copy num-
ber variations were identified (83). These examples sug-
gest that high-volume data analysis has the potential to
rapidly advance research in cancer genomics.

Whole genome sequencing has also been applied
to study the chemotherapeutic drug response of cancer
treatment. One example is the Poly ADP ribose poly-
merase (PARP) inhibitor — olaparib, which has been
used to treat patients with germline BRCA mutations.
However, evidences have shown that patients with so-
matic BRCA mutations may also be treated effectively
with olaprib, therefore, genetic testing of the BRCAI
and BRCA?2 variants, using next generation sequencing,
would be greatly helpful for cancer diagnostics and pro-
per chemotherapy.

Future Perspective

Accurate genomic profiling of cancer diseases re-
quires both improvement of sequencing platforms and
the optimization of bioinformatics tools. It is anticipated
that base call errors produced by NGS can be reduced
by deep re-sequencing, optimization of clustering and
generation, or refinement of data trimming thresholds.
Due to the complexity of the tumor microenvironment,
intratumor heterogeneity has been observed in different
tumor cells within single tumor tissue samples. Single
cell sequencing, including single cell genome sequen-
cing and single cell transcriptomics sequencing, has ex-
hibited increased sensitivity and quantitative accuracy
(84). Additionally, as an alternative to analyzing single
genetic or epigenetic factor in cancer cells, comprehen-
sive molecular profiling is evolving as a more powerful
tool to identify novel cancer biomarkers or drug binding
targets.

At present, significant challenges exist in the clini-
cal application of NGS for oncology, including the high
cost of genome sequencing, long sequencing time and
difficulties with data analysis and interpretation. None-
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theless, the accumulation of data from these studies
support the validity of these approaches as research and
diagnostic tools, and further refinements to molecular
detection technology will bring us one step closer to the
translation of personalized genomic data into medical
diagnostics and therapies.
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