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“The most rapidly evolving field of biomedical research is
genomics, from the first draft of the complete human genome
sequence a decade ago to the estimated 30,000 whole-genome

sequencing at the end of 2011. The planned development of
multiple next-generation sequencing machines worldwide
reflects the high level of interest in genomics within
the scientific community.”

Next-generation sequencing (NGS) tech-
nologies have revolutionized biomedical
research and provided a foundation for
application of the human genome in health
and disease. As all diseases arise from the
accumulation of genetic and epigenetic
alterations that are associated with dys-
regulation of gene expression, genomics
research in both structure and function of
the genome now provides reasonable hope
for the future achievement of genomic
medicine [1]. High-quality comparative
effectiveness research in health and dis-
ease [2] can provide evidence for causative,
underlying structural genome variation
patients with complex common or rare
disease. However, understanding gene
regulation is still a daunting challenge.
This article discusses whether whole-
genome or exome sequencing is sufficient
for understanding gene function in health
and disease that can lead to the develop-
ment of genome heterogeneity-based diag-
nostic tools and markers to identify high-
risk asymptomatic individuals or disease
progression in patients.

The genomic revolution
The most rapidly evolving field of bio-

medical research is genomics, from the

first draft of the complete human genome
sequence a decade ago to the estimated
30,000 whole-genome sequencing at the
end of 2011. The planned development
of multiple NGS machines worldwide 3]
reflects the high level of interest in genom-
ics within the scientific community.
There are many reasons for this increase.
First, genome sequencing appears to be
essential for completing mutation cata-
logs and understanding the wide genetic
variation involved in the pathogenesis
of most diseases. Second, the costs of
human whole-genome sequencing have
been drastically reduced to US$5000 and
could be further reduced in the coming
years. However, the goal of reducing
sequencing costs to US$1000 per genome
is unlikely to become a reality given
that bioinformatics analysis required
for identifying causal single-nucleotide
polymorphisms (SNPs) or copy-number
variations (CNVs) and distinguishing
them from passenger, also termed non-
causal, variations. Third, although DNA
sequencing alone may have substantial
limitations to cure diseases, it will pro-
vide the background for elucidating how
genome variation gives rise to genome
dysfunction and pathogenesis.
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The era of genome-wide association studies

The Human Genome Project published a reference of the human
genome sequence [4] along with a reference database of 3.2 million
human genome SNPs [s], allowing biotechnology companies to
develop commercialized chips with approximately 1 million SNPs.
The next step was easy — comparing patients’ populations with
controls in genome-wide association studies (GWAS) using mostly
SNPs-chips could lead to the discovery of specific SNPs causatively
related to various diseases. The hope was that the identification of
novel genes and variants could result in whole genome-based diag-
nostic tools that not only would allow improved diagnosis of vari-
ous diseases, but could also identify high-risk individuals without
clinical symptoms, leading to early disease prevention [6].

NGS-based medical applications

DNA sequencing can also provide pharmacogenomic proper-
ties of individual patients in terms of therapeutic index response
and adverse events profile predictions for specific drugs. Such an
achievement is crucial for patient selection and personalized medi-
cine. Indeed, the unique capacity of NGS technology for complete
human genome analysis of both targeted sequencing of a protein-
coding region (exome) and whole-genome sequencing, including
the noncoding DNA, could identify genetic variants related to
response and toxicity to cardiovascular or anticancer drugs [7-9].

Facing the reality

The current consensus based on available GWAS data is that
GWAS have modest efficacy in identifying high-risk individuals
and therefore the expectations of preventive medicine have been
lowered in contrast with the initial enthusiasm. Despite the wealth
of dozens of genes and hundreds of SNPs, the effective size of the
susceptibility to disease provided by each SNP is too small that
has no clinical application [¢6] and most inherited risk remains
unexplained [10]. Approximately 20-25% of heritability can be
explained with current GWAS [10]; even efforts to combine these
newly identified genetic variants with environmental factors and
clinicopathologic characteristics have failed to predict the risk of
diseases such as breast cancer [11].

“In cancer diagnostics and drug response
prediction for patient selection, cancer genome
sequencing has focused on the identification of

specific mutations that characterize an
individual patient’s tumor.”

Potential solutions to overcome this ‘missing heritability’ [12]
include the use of SNPs-chips with over 1 million SNPs and
CNVs for new GWAS in larger populations aiming at identifying

not only common but also rare variation.

DNA sequencing-based diagnostics

The clinical implications of both new GWAS using SNPs and
CNVs and whole-genome sequencing are limited. For example, rare
CN Vs involved in disease pathogenesis have recently been identi-

fied in a GWAS. This study using CNVs chips in 8290 patients

with schizophrenia and in 7431 healthy controls showed that
VIPR2 duplications are involved in schizophrenia [13]. However,
only 0.35% of these patients carry rare CN Vs in the chromosomal
locus 7q36.3. Similarly, another study found a link between CN'Vs
and schizophrenia at this locus [14]. Therefore, these two stud-
ies [13,14] support testing for CN'Vs at this locus to predict individu-
als at high risk for developing schizophrenia. Collectively, evidence
is accumulating that CN'Vs at certain chromosomal loci are risk
factors for schizophrenia but these variants are rare and thus testing
for CN'Vs can identify only 2—4% of schizophrenia patients [15].

In cancer diagnostics and drug response prediction for patient
selection, cancer genome sequencing has focused on the identi-
fication of specific mutations that characterize an individual
patient’s tumor. Given the wide genetic heterogeneity of cancer
among patients with the same type of cancer and same traditional
established clinicopathologic features, mutations-based diagnostics
derived from cancer tissues sequencing can guide treatment decision.
The V60OE mutation in the BRAF gene has been the most common
defect identified by tumor screening in melanomas. The Cobas®
4800 BRAF V600 Mutation Test (Roche Molecular Systems) was
developed when Phase I and IT studies showed a treatment response
rate to the kinase inhibitor vemurafenib (PLX4032) of up to 80%
in patients with metastatic melanoma tested positive for BRAF
VG600E mutation [16]. A Phase III randomized trial used the Cobas
4800 BRAF V600 Mutation Test to enroll patients with metastatic
melanoma that tested positive for this mutation, and demonstrated
improved overall survival and progression-free survival among
patients that received the targeted drug, PLX4032 compared with
those treated with the standard chemotherapy, dacarbazine 17]. This
improved overall survival, in contrast to other studies on targeted
drugs that demonstrated only a progression-free survival without
a survival prolongation, suggests that PLX4032 can now become a
new standard therapy for patients with metastatic melanoma and
has also established the BRAF V600 Mutation Test as an essential
diagnostic real-time PCR assay for treatment decision.

DNA sequencing-based diagnostics limitations

Testing for KRAS mutation status has recently become popular for
deciding whether to add cetuximab to chemotherapy treatments in
patients with metastatic colorectal cancer. However, more recent
Phase I1T randomized trials with a more appropriate design in which
patients with KRAS wild-type colorectal cancer were enrolled,
found, in contrast to previous studies, no significant overall sur-
vival benefit either in metastatic or adjuvant settings [18,19]. Another
paradigm of sequencing clinical limitations is genotyping in lung
cancer. A fundamental scientific discovery was made in 2004, with
the characterization of a distinct mutation-based subset of patients
with EGF receptor (EGFR)-mutant non-small-cell lung cancer. As
a result of subsequent intensive research it was thought that testing
for EGFR mutations is clinically relevant because patients with
EGFR-mutant tumors have increased sensitivity to tyrosine kinase
inhibitors (TKIs) [20]. But, as is very common in translating research
into clinical medicine, there are now problems and clinical debate
for the adoption of this EGFR mutation test to predict resistance to
etlotinib and gefitinib [21]. Promises of complete sequencing-based
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diagnostics and TKIs response prediction, provides a recent
study [22]. Jones and colleagues support that genomic characteriza-
tion of a rare tumor, such as adenocarcinoma of the tongue, can
guide treatment by predicting sensitivity to TKIs [22]. This finding
requires further studies for confirmation and clinical use.

Whole-genome sequencing application
Although exome and whole genome sequencing is a new area of
research and the costs for genome-wide analyses have only recently
have been reduced, there has been a critique on limited clinical
applications. Here, two more recent prime paradigms of genome
sequence-based approaches for the clinic are reported.
Bainbridge and colleagues recently report in Science Translational
Medicine, the sequence of the genomes of Alexis and her twin
brother [23]. Dopa-responsive dystonia, a rare genetic disorder
associated with abnormal movements, was diagnosed at the age
of 5 years in the twins, who were being treating with a dopamine
precursor for their dystonia. At 13 years of age, Alexis developed
a cough and a breathing problem. Following many inconclu-
sive diagnostics tests to explain Alexis’ breathing problem, the
research team, led by Gibbs, sequenced the twins’ genomes and
found mutations in the SPR gene. This gene encodes the enzyme
sepiapterin reductase and previously had been reported to be
involved in some patients with dopa-responsive dystonia. Given
that sepiapterin reductase enables the synthesis not only of the
neurotransmitter dopamine but also serotonin, Gibbs and col-
leagues suggested additional treatment with a serotonin precursor,
5-hydroxytryptophan. The clinical success of this medication was
impressive. Alexis’ breathing problem had disappeared and her
brother Noah’s handwriting problem was improved [23].

“...next-generation sequencing technology and
emerging high-throughput genome-wide mapping
techniques allow, for the first time, an in-depth
understanding of life complexity and
disease heterogeneity.”

The fact that rare disorders can be caused by single gene defects
suggests that in the next few years, the rapidly dropping costs of
NGS technology-based exome or whole-genome sequencing and
bioinformatics analysis may permit the identification of these causal
mutations, leading to the solution of diagnostic and therapeutic
challenges in the vast majority of these rare diseases. By contrast,
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for common chronic disorders such as cancer, heart disease, diabe-
tes, neurodegenerative and psychotic diseases, it is difficult to use
whole-genome sequencing alone to solve the problem of diagnostics
and therapy. Pathobiology and genesis of these diseases is driven
by multiple genetic and environmental factors and gene—gene and
protein—protein complex interactions in a dynamic process, the
inference of which will require genome sequencing in addition to
genome function for the understanding and discovery of predic-
tive models to elucidate genome functional regulatory networks
in health and disease.

Awaiting genomic medicine

Currently, NGS technology and emerging high-throughput
genome-wide mapping techniques allow, for the first time, an in-
depth understanding of life complexity and disease heterogeneity.
Next-generation GWAS using improved microarray chips with
expanded numbers of SNPs and CN'Vs with methodological power
to detect both common and rare genetic variants will provide
insights into ‘missing heritability’. Moreover, systematic genomic
studies using the new technologies will complete the mutations
catalog of human diseases. But the pressing, still unresolved, prob-
lem is to start to understand how genome variability in dysregu-
lated gene function leads to disease pathogenesis. Breakthrough
research in model organisms and humans is underway to under-
stand how transcriptional activity, noncoding RNAs, epigenetics,
nucleosomes remodeling chromatin dynamic states and their bio-
molecules interactions influence gene regulation causing disease. At
the same time, rational network biology research is focused on how
to discover predictive models that are able to predict the inference
of complex dynamic gene—gene and protein—protein networks. The
ultimate goal of all these efforts is to discover genome-based diag-
nostics. These innovative diagnostic tools based on a combination
of both genetic heterogeneity and genome dysfunction may result
in personalized diagnostics and disease prevention strategies based
on an individual’s risk prediction.
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