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The International Human Genome Sequencing Consortium published the first draft of the human genome in the
journal Nature in February 2001, providing the sequence of the entire genome’s three billion base pairs. The
Human Genome Project involves a concerted effort to better understand the human DNA sequence through
identification of all the genes. The knowledge that can be derived from the genome could result in the development
of novel diagnostic assays, targeted therapies and the improved ability to predict the onset, severity and
progression of diseases. This has been made possible by many parallelized, high-throughput technologies such as
next-generation sequencing. In this review, we discuss the possible application of next-generation sequencing in
finding the susceptibility gene(s) or disease mechanism of an important human arrhythmia called atrial fibrillation.
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INTRODUCTION

Moreover, it was expected that the knowledge obtained from mapping out the genome would result in
the development of novel diagnostic assays, targeted
therapies and a more efficacious manner of predicting
the onset, severity and progression of diseases. As the
human genome slowly becomes increasingly unraveled,
and better understood by the medical community, it will
have a major impact on medical practice. Recently, genetic information was being used to identify mutations
in rare and also in undiagnosed genetic disorders, to assist in selecting the therapy best suited for a particular
genotype. 3-7 This has been made possible by many
parallelized high-throughput technologies such as microarrays and next-generation sequencing. In this review,
we discussed the possible application of high-throughput technologies in an effort to find the susceptibility
gene(s) or disease mechanism of an important human
arrhythmia, atrial fibrillation.

It was a novel and benchmark accomplishment when
the International Human Genome Sequencing Consortium
published the first draft of the human genome in the journal Nature in February 2001. The article provided an overview of the sequence of the entire genome’s three billion
base pairs. The purpose of the Human Genome Project
was to provide a known and solid platform of genetic information, to better understand the human DNA sequence and identify all the genes. Ultimately, the full
sequence was completed and published in April 2003.1,2
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NEXT-GENERATION SEQUENCING TECHNOLOGIES
Over the past several years, there has been a funda-
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the atrial adaptation to this complex arrhythmia and
identify genes involved in the mechanism, or mechanisms that perpetuate this complex arrhythmia. Previously, complementary DNA microarray had been used
to study expression profiling in atrial fibrillation. 10
Microarray screens the genetic expression based on a
pre-specified set of genes as reference. In RNA sequencing using NGS, no gene is specified a priori, and the new
sequencing technology sequences all the RNAs (transcriptome) present in the atrial tissue, and compares them
between atrial tissues from patients with atrial fibrillation
and those of controls to define which gene(s) are activated in the physiological adaptation process during
atrial fibrillation, or the mechanism of atrial fibrillation.

mental shift away from the application of automated
Sanger sequencing for genome analysis. The automated
Sanger method is considered as a “first-generation”
technology, with newer methods collectively referred to
as next-generation sequencing (NGS).
There are pros and cons to these evolving major
next-generation sequencing technologies, which are
listed in overview form in Table 1.

NEXT-GENERATION SEQUENCING APPLICATION
RNA-sequence (RNA-seq)
NGS technologies can be used for many applications, including RNA-sequence (RNA-seq). The transcriptome is the set of transcripts, including mRNAs,
non-coding RNAs and small RNAs in cells, and their
quantity. Understanding the transcriptome is essential
for interpreting a specific developmental stage, physiological condition and disease. RNA-seq includes variant
discovery by resequencing targeted regions of interest
or whole genomes, de novo assemblies of bacterial and
eukaryotic genomes, and cataloguing the transcriptomes of cells, tissues and organisms.8 Atrial remodeling
is the leading mechanism of atrial fibrillation. 9 RNA
expression profiling of atrial remodeling could detect

ChIP-sequence (ChIP-seq)
A new method used to analyze protein interactions
with DNA is chromatin immunoprecipitation followed by
sequencing (ChIP-seq). This ChIP-seq combines chromatin immunoprecipitation (ChIP) with massively parallel DNA sequencing to identify the binding sites of
DNA-associated proteins. It can be used to precisely
map global binding sites for any protein of interest, and
is a technique for genome-wide profiling of DNAbinding proteins, histone modifications or nucleosomes.
This ChIP-on-chip technique was the most common

Table 1. Overview of major next-generation sequencing technologies listing pros and cons
Read length
(bases)

Throughput
(per run)

400

35 Mb

Life SOLiD

35-75

30 Gb

Illumina MiSeq

35-150

1.5-2 Gb

Ion Torrent Personal
Genome Machine

100-200

1 Gb

3000-5000

100 Mb

Platform
Roche 454 GS Junior

Pacific Biosciences
PACBIO RS
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Pros
Longer read lengths improve
mapping in repetitive regions
fast run time
low cost instrument
Low error rate
Flexibility and scalability
Low cost instrument
Low error rate
Short run time
Acceptable read length
High level of multiplexing
Direct signal detection
Short run time
Acceptable read length
Extraordinarily long reads
Extremely high accuracy
Shortest run time
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Cons
Low throughput
Complex data analysis

Complex data analysis
High cost of instrument and
sequence generation
Complex data analysis
High cost of data generation

Low throughput

High cost of instrument
High cost of sequencing

NGS and AF

technique utilized to study these protein - DNA relations. Due to the next-generation sequencing technology, ChIP-seq offers higher resolution, less noise and
greater coverage than the previous array-based method
ChIP-chip. NGS technologies can be used to screen genome-wide profiling of DNA-binding proteins, epigenetic marks and chromatin structure (ChIP-seq, methylseq and DNase-seq). ChIP has also become a useful tool
for understanding transcriptional cascades and interpreting the information encoded in chromatin. In addition, followed by sequencing, ChIP-seq becomes the
dominant profiling approach.11 To extract the most information from ChIP-seq data, integrative analysis with
other data types will be essential. For example, the integration of ChIP-seq data with RNA-seq data may result
in the elucidation of gene regulatory networks and the
characterization of the interplay between the transcriptome and the epigenome.
Application of ChIP-seq in atrial fibrillation includes
genetic profiling for a specific transcriptional factor involved in the mechanism of atrial fibrillation (such as
STAT3),12 and establishes those epigenomic markers by
methyl-seq that may help identify new genes involved in
the epigenetic mechanism of atrial fibrillation, which
has never been addressed before.

complex trait diseases, which include atrial fibrillation,
hypertension or type 2 diabetes. There are two hypotheses on the inherited basis of complex genetic traits.
“Common disease-common variants” consist of many
common alleles which have a small effect, and “common disease-rare variants” consisting of a few rare alleles which create a large effect. Both types of genetic
loci likely exist, however, and the “common diseasecommon variants” is the theoretical framework for
genome-wide association study (GWAS).14,15 After years
of continuing effort, much of the data generated from
GWAS has been published. Among successful GWAS
studies, most variants identified confer only a small proportion of heritability, indicating that GWAS based on
the “common disease-common variants” is not very effective in identifying genetic variants for complex traits,
and common genetic variability is unlikely to explain the
entire genetic susceptibility to disease.16 Results also
suggest that rare variants missed by GWAS may account
for the “missing” heritability. Such rare variants may
have as large an effect as genetic risk factors for complex genetic diseases.17
Usually these rare variants could be identified from
the familial form of a common disease. For example,
atrial fibrillation is a common disease; however, there
are several families in which atrial fibrillation segregates
in multiple familial members. 18 Several mutations or
variants with large effect (significant perturbation of
ionic current density) in the potassium channels were
found.19-22 However, screening of these variants in large
samples with common atrial fibrillation failed to establish the roles of these potassium channel mutation in
the mechanism of common atrial fibrillation.23,24 Identification of other rare variants using the novel NGS technologies involving DNA samples from patients with extreme phenotypes (such as drug refractory atrial fibrillation) may be possible. These rare variants are supposed
to be within the coding region of the susceptibility gene
to cause a large pathophysiological effect. Therefore,
exon sequencing becomes another popular tool to identify genetic variant(s) within the disease susceptibility
gene(s), particularly when explored by a genome-wide
approach, the so-called whole exome sequencing.

Metagenomics
Another method, metagenomics, is based on the
genomic analysis of microbial DNA that is extracted
directly from microbial communities in environmental
samples. Currently, AF is not generally thought to be
caused by micro-organisms, though the possibility of
such a mechanism does exist. Metagenomics can be
used to study species classification or gene discovery. By
integrating the information gleaned with information
about biological functions within the community, the
structure of microbial communities can potentially be
probed. Metagenomics could also unlock the massive
uncultured microbial diversity present in the environment to provide new molecules for therapeutic and
biotechnological applications.13
Missing heritability of common diseases
Missing heritability of common diseases is probably
the most important application of NGS technologies in
the genetic research of current common diseases or

Whole exome sequencing
One of the remaining challenges for genetic studies
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true disease-causing variant.

of complex trait diseases will be to define the genetic
basis of “missing” heritability. NGS technologies will certainly enable us to identify all the causative variants including “rare variants” within individual human subjects. For example, “whole-genome sequencing (WGS)”
will make us understand the genetic contributions to
complex diseases, as well as the genetic basis of genomics. The analysis of whole-genome sequence data
can be challenging. Because of the current limited ability to make sense of non-coding variation, the analytical
components of most “whole genome” studies have focused on variation within the “whole exome”. Whole
exome sequencing (WES) is a technique to selectively
capture and sequence the coding regions of all annotated protein-coding genes. Coupled with next-generation sequencing platforms, it enables the analysis of
functional regions of the human genome with unprecedented efficiency. Since its first reported application,6,25
WES has emerged as a powerful and popular tool for researchers elucidating genetic variants underlying human
diseases, especially in the setting of a search for rare or
novel variant(s). As mentioned before, rare or novel
variant(s) may be responsible for missing heritability of
atrial fibrillation, and may be important in the mechanism of atrial fibrillation in certain specific patient populations.
Due to ongoing improvements, sequencing technology has become a method of choice for complex
genomic research studies. We are now witnessing its
translation into use for clinical diagnostic laboratories
involving patient care. Multiple genes for a variety of
disorders are now available in several clinical laboratories based on targeted gene enrichment followed by
next generation sequencing. The genome-wide study of
protein coding regions, or exome sequencing, has been
successfully and increasingly applied in the research setting for the elucidation of candidate genes and causal
variants in individuals and families with a diversity of
rare and complex genetic disorders. Based on this progress, exome sequencing is also beginning a translational process into clinical practice. However, introducing exome sequencing as a diagnostic tool brings
new technical and bioinformatical challenges because of
the very large quantity of data. Furthermore, most of
the time, multiple coding region variants may be identified, leaving clinicians unable to determine which is the
Acta Cardiol Sin 2013;29:317-322

FUTURE DIRECTIONS AND CHALLENGES
Recent research in the field of NGS is very encouraging. However, in order to be widely and routinely used
in clinical practice and genetic research, there needs to
be additional effort, such as data generation, analysis,
management, and measures taken to reduce the cost of
sequencing. The major challenges remaining now are
making rules and policies around this genetic information easy to interpret, and making sequencing-based
genetic tests affordable. This will require sustained
collaboration between research labs, clinical physicians
and bioinformatic researchers.
Targeted resequencing has already been used to
identify genetic mutations underlying disorders such as
inflammatory bowel disease,7 hereditary hearing loss,26
Miller’s syndrome,27 Kabuki syndrome28 and hereditary
spastic paraparesis.29 Possible application to other complex trait diseases is encouraging and warrants additional collaborative research.
NGS data analysis is an evolving field and possibly
the biggest bottleneck for routine adoption. A NGS data
analysis solution for clinics needs to be simple, fast and
accurate and should create output that is easily interpreted by medical staff. Unlike microarrays, which have
a number of robust and proven analysis solutions providing almost medical report-like output, NGS data
analysis is still largely carried out using open source
tools. 30-36 These open source tools have been abundantly useful in analyzing NGS data in research labs, but
they cannot be used in clinics. Moreover, commercially
available NGS data analysis solutions are geared toward
handling the abundant data generated in research settings, but have not been designed from a clinical perspective.
Because of the existing limited ability to make sense
of non-coding variation, the analytical components of
most “whole genome” studies have focused on variation
within the “whole exome”. As the cost of sequencing
continues to fall, the field will probably gradually move
from exome to whole-genome sequencing.37 However,
using these more comprehensive data for disease gene
discovery and molecular diagnostics in patients crucially
320

NGS and AF
Electrophysiol 2008;1:62-73.
10. Lai LP, Lin JL, Lin CS, et al. Functional genomic study on atrial fibrillation using cDNA microarray and two-dimensional protein
electrophoresis techniques and identification of the myosin
regulatory light chain isoform reprogramming in atrial fibrillation. J Cardiovasc Electrophysiol 2004;15:214-23.
11. Park PJ. ChIP-seq: advantages and challenges of a maturing technology. Nature Rev Genet 2009;10:669-80.
12. Tsai CT, Lai LP, Kuo KT, et al. Angiotensin II activates signal transducer and activators of transcription 3 via Rac1 in atrial myocytes
and fibroblasts: implication for the therapeutic effect of statin in
atrial structural remodeling. Circulation 2008;117:344-55.
13. Petrosino JF, Highlander S, Luna RA, et al. Metagenomic pyrosequencing and microbial identification. Clin Chem 2009;55:
856-66.
14. Manolio TA, Collins FS, Cox NJ, et al. Finding the missing heritability of complex diseases. Nature 2009;461:747-53.
15. Schork NJ, Murray SS, Frazer KA, Topol EJ. Common vs. rare allele
hypotheses for complex diseases. Curr Opin Genet Dev 2009;
19:212-9.
16. Singleton AB, Hardy J, Traynor BJ, Houlden H. Towards a complete resolution of the genetic architecture of disease. Trends
Genet 2010;26:438-42.
17. Frazer KA, Murray SS, Schork NJ, Topol EJ. Human genetic variation and its contribution to complex traits. Nat Rev Genet
2009;10:241-51.
18. Brugada R, Tapscott T, Czernuszewicz GZ, et al. Identification of a
genetic locus for familial atrial fibrillation. N Engl J Med 1997;
336:905-11.
19. Chen YH, Xu SJ, Bendahhou S, et al. KCNQ1 gain-of-function
mutation in familial atrial fibrillation. Science 2003;299:251-4.
20. Yang Y, Xia M, Jin Q, et al. Identification of a KCNE2 gain-offunction mutation in patients with familial atrial fibrillation. Am J
Hum Genet 2004;75:899-905.
21. Hong K, Bjerregaard P, Gussak I, Brugada R. Short QT syndrome
and atrial fibrillation caused by mutation in KCNH2. J Cardiovasc
Electrophysiol 2005;16:394-6.
22. Xia M, Jin Q, Bendahhou S, et al. A Kir2.1 gain-of-function mutation underlies familial atrial fibrillation. Biochem Biophys Res
Commun 2005;332: 1012-9.
23. Ellinor PT, Moore RK, Patton KK, et al. Mutations in the long QT
gene, KCNQ1, are an uncommon cause of atrial fibrillation. Heart
2004;90:1487-8.
24. Ellinor PT, Petrov-Kondratov VI, Zakharova E, et al. Potassium
channel gene mutations rarely cause atrial fibrillation. BMC Med
Genet 2006;7:70.
25. Ng SB, Turner EH, Robertson PD, et al. Targeted capture and
massively parallel sequencing of 12 human exomes. Nature
2009;461:272-6.
26. Shearer AE, DeLuca AP, Hildebrand MS, et al. Comprehensive genetic testing for hereditary hearing loss using massively parallel
sequencing. Proc Natl Acad Sci USA 2010;107:21104-9.
27. Ng SB, Buckingham KJ, Lee C, et al. Exome sequencing identifies

depends on the development of analytical strategies for
comprehending non-coding variation.
There are thousands of poorly defined familial phenotypes that are rare or unique. We have to choose the
proper phenotypes, particularly in the context of Mendelian disorders. Development of repositories in which
descriptive information about such phenotypes and an
accompanying DNA sample could be collected by clinicians would facilitate discovery of the underlying genes.
Moreover, some technical, statistical and bioinformatic
methods need to be improved, including reducing the
rate of false-positive and false-negative variant calls,
calling insertion/deletion variants (indels), the ranking
of candidate causal variants, and predicting and annotating the potential functional impact for disease gene
discovery or molecular diagnostics. Translating exome
and even genome sequencing data from bench to clinic
still requires further sustained effort. When these challenges are more fully resolved, this would then facilitate
applications involving diagnosis and therapy.
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