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ing technologies, be leveraged with insightful approaches to biology and 
medicine to maximize the benefits to all? DNA sequence is no longer just 
an end in itself, but it is rapidly becoming the digital substrate replac-
ing analog chip-based hybridization signals; it is the barcode tracking of 
enormous numbers of samples; and it is the readout indicating a host of 
chemical modifications and intermolecular interactions. Sequence data 
allow one to count mRNAs or other species of nucleic acids precisely, to 
determine sharp boundaries for interactions with proteins or positions 
of translocations and to identify novel variants and splice sites, all in one 
experiment with digital accuracy.

The brief history of molecular biology and genomic technologies has 
been marked by the introduction of new technologies, their rapid uptake 
and then a steady state or slow decline in use as newer techniques are 
developed that supersede them. For example, as measured by publica-
tions listed in PubMed, gel-based hybridization techniques for analyzing 
DNA and RNA that were introduced in the late 1970s reached their zenith 
in the early 1990s and then entered a decline when microarray technolo-
gies burst onto the scene (Fig. 1). Microarrays achieved a rapid uptake, 
displacing the less powerful blotting techniques. Similarly, DNA foot-
printing for determining protein-DNA interactions became widely used 
in the early 1980s, peaked in the mid-1990s and then began declining as 
approaches based on chromatin immunoprecipitation (ChIP) supplanted 
footprinting. Publications on ultra-high-throughput, second-generation 
or third-generation sequencing first appeared in the late 1990s, but have 
not yet attained the rapid rise in publications characteristic of the other 
technologies. This is because the technology is complex and it has been 
out of reach to the majority of researchers up until the present. Now, 
access to the technology is growing and one can predict a huge surge in 
usage as the new sequencing technologies supplant many aspects of not 
just the older sequencing methods, but also various methods for assessing 
gene expression, protein binding and other biological information.

The Human Genome Project gave scientists a nearly complete refer-
ence map of DNA sequences6. In addition to providing a scaffold on 
which to place sequence data, this map also revealed the gaping holes 
in our understanding of protein coding sequences and the diversity of 
RNAs and their multiple roles. All too glaring were the vast expanses of 
sequence with no recognizable features but very strong evolutionary con-
servation, implying novel, yet unknown, functions. Recent studies have 
demonstrated that much more of the genome is functionally active than 
previously imagined and that genomic structural diversity is greater than 
anticipated. Our understanding of genome biology and its involvement 
in disease etiology must be supplemented to include the whole genome 
and functional elements beyond just the protein coding regions.

True understanding of how genes function requires knowledge of their 
expression patterns, their impact on all other genes and their effects on 
DNA structure and modifications. These data will have to be obtained 
across large numbers of cell types, individuals, environments and time 

It could be argued that the greatest transformative aspect 
of the Human Genome Project has been not the sequencing 
of the genome itself, but the resultant development of new 
technologies. A host of new approaches has fundamentally 
changed the way we approach problems in basic and 
translational research. Now, a new generation of high-throughput 
sequencing technologies promises to again transform the 
scientific enterprise, potentially supplanting array-based 
technologies and opening up many new possibilities. By allowing 
DNA/RNA to be assayed more rapidly than previously possible, 
these next-generation platforms promise a deeper understanding 
of genome regulation and biology. Significantly enhancing 
sequencing throughput will allow us to follow the evolution 
of viral and bacterial resistance in real time, to uncover the 
huge diversity of novel genes that are currently inaccessible, 
to understand nucleic acid therapeutics, to better integrate 
biological information for a complete picture of health and 
disease at a personalized level and to move to advances that we 
cannot yet imagine.

What would you do if you could sequence everything? What if sample 
preparation was simple and unbiased? What types of experiments could 
you envision? Although we have not quite reached the point where cost 
and technology are no object, new sequencing techniques1–5 have not 
simply changed the landscape but have placed basic, clinical and trans-
lational research scientists into a new and unfamiliar world in which 
entirely different types of questions can be addressed. Sequence data 
are providing both a level of precision and a breadth of scope that were 
unimaginable only a few years ago. The rapidity with which this change 
has occurred has left many unaware of the opportunities that these new 
technologies provide. However, even those aware of the opportunities are 
faced with the issues of the up-front costs and infrastructure that limit 
access to these technologies.

After the completion of the Human Genome Project, the oft-asked 
question was how could the enormous capacity of genome centers be 
used productively once the most interesting sampling of other species 
was complete? Implicit in this question were two assumptions: first, that 
additional sequence data would not be particularly useful in the future 
and second, that genome sequencing would remain a costly endeavor that 
could be practiced only in ‘industrial’ centers. Instead, the better question 
is, how can cheap and accessible sequencing, delivered by new and emerg-
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Figure 1  the number of publications with 
keywords for nucleic acid detection and 
sequencing technologies. PubMed (http://www.
ncbi.nlm.nih.gov/sites/entrez) was searched 
in two-year increments for key words and 
the number of hits plotted over time. For 
2007–2008, results from January 1–March 
31, 2008 were multiplied by four and added 
to those for 2007. Key words used were those 
listed in the legend except for new sequencing 
technologies (‘next-generation sequencing’ or 
‘high-throughput sequencing’), ChIP (‘chromatin 
immunoprecipitation’ or ‘ChIP-Chip’ or ‘ChIP-
PCr’ or ‘ChIP-Seq’), qPCr (taqMan or qPCr 
or ‘real-time PCr’) and SNP analysis (SNPs 
or ‘single-nucleotide polymorphisms’ and not 
nitroprusside (nitroprusside is excluded because 
sodium nitroprusside is sometimes abbreviated as 
‘SNP’ but is generally unrelated to genetics)).

tandem repeats, and more recently, single-nucleotide polymorphisms 
(SNPs) have represented the most commonly used genetic markers for 
disease-association studies. A high-resolution, genome-wide map of 
common SNPs is available and is amenable to high-throughput analysis. 
Classic sequencing provided the impetus for the SNP Consortium that 
delivered the first glimpses into the rich diversity of human DNA varia-
tion13. This was followed by the international HapMap project, which 
has catalogued the common patterns of genetic variation in humans14,15. 
The HapMap has expanded the usefulness of many individual SNPs by 
allowing the use of tagging SNPs as surrogates for other SNPs that are in 
linkage disequilibrium, or correlated, with the tagging SNPs. Availability 
of these data increased the effective coverage of genome-wide scans by 
allowing more efficient interrogation of known variation. The benefits 
of this understanding are unquestioned as results of whole-genome asso-
ciation studies reported in 2007 and 2008 have illuminated in incredible 
detail the role that simple variation plays in disease etiology and progres-
sion16. These studies have been possible because of the genome-wide 
nature of projects such as the Human Genome Project, the SNP database 
(dbSNPs) and HapMap, as well as the ease with which scientists could 
access these data.

Although the number of new disease-associated loci has been an 
impressive feat, allowing novel insights into many diseases, the results 
have also revealed issues that show the limitations of how far SNP-based 
genome-wide association studies with common variation can take us. 
Whereas some associations are located in well-characterized genes and 
generate easily predictable outcomes on protein function, many, in fact, 
land in poorly characterized regions of the genome that require exten-
sive additional study before functional insight can occur17. Because these 
SNPs are potentially only markers of functional polymorphism, another 
round of studies is then required to fine-map the region of interest, either 
by studying additional SNPs or by sequencing the region in many indi-
viduals. Furthermore, SNP studies are limited to known and common 
variants. Although the current standard of 500,000–1,000,000 SNPs per 
assay is a lot of SNPs, it still only scratches the surface of variation by 
assessing less than 0.1% of DNA positions, thus addressing only known 
and common variation. Examination of haplotypes does not solve this 
problem completely, as they are limited in their ability to describe the 
genome, especially for uncommon variants. There is a large number 
of SNPs, referred to as singleton SNPs, which can be detected only by 
direct examination and not by other SNPs in linkage disequilibrium with 
them18. Only a tiny fraction of the genetic basis of common diseases 
can currently be explained by associations with common variants. This 

points. The scale and precision of information required to even begin 
to approach these questions was unattainable without highly paral-
lel sequencing technologies that are only now entering into use. New 
genetic analysis technologies not only are flexible, but also are of sufficient 
throughput and low enough cost for processing the large number of sam-
ples needed to generate statistically meaningful information (Fig. 2).

A door on a new era of genomic and biological insight has just opened, 
as demonstrated by the wide variety of large-scale, multi-dimensional 
studies recently reported. But these are just a taste of what will soon be 
possible. Here, we provide a review of genomic discoveries that both 
highlight the usefulness of integrative, high-throughput genomic tech-
nologies and paint a vision for the future of high-definition, sequence-
driven biomedical research. The benefits of integrating information from 
various genomic assays, of increasing both the temporal and spatial reso-
lution of experiments, and of applying these methods to much larger 
numbers of individuals will be explored and coupled with the expanding 
opportunities of new sequencing technologies that are making this kind 
of transformative experimentation possible.

Cataloging sequences and their variation
The most direct and obvious result of enhanced sequencing capabilities 
has been the simple accumulation of much more sequence data, and 
hence, many sequences from different species that allow more informa-
tive analyses of phylogeny and evolution. The wide variety of completed 
and draft genome sequences currently available is testament to the power 
of classical sequencing and brute force approaches. The rapid resequenc-
ing of multiple strains of Drosophila7, Caenorhabditis elegans8 and even 
humans9 provides a taste of things to come with the new techniques that 
are supplanting the earlier methods. Indeed, even DNA from long-extinct 
species is now being sequenced on a regular basis (reviewed by Millar et 
al.10). With the much larger range of sequences becoming available, it 
will now be possible to study the effects of selective forces in evolution 
at an individual level rather than aggregating many effects from popula-
tion studies11. Individual variation has been used to great effect in recent 
whole-genome studies for understanding disease associations in humans 
with dozens of novel genes implicated in various phenotypes12.

Single-nucleotide polymorphisms. The search for genetic determi-
nants of disease has depended greatly upon the discovery of ever better 
molecular markers. These markers are informative signposts distributed 
throughout the genome at the highest resolution feasible at the time. 
Initially, restriction fragment length polymorphisms, and then satellite 
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variations in growth and selective pressure, so that the tumor genome 
may be a complex mixture of many genomes that defies simple SNP 
or CNVR classification. Resequencing of the coding regions in tumor 
genomes has already reinforced the importance of de novo mutations. 
These data have shown that many different mutations in many genes, and 
not simply mutations in the well-studied oncogenes, contribute to the 
process of tumorigenesis. Sequencing of a small number of samples from 
two classes of tumors across exons in thousands of genes demonstrated 
the power of searching broadly for mutations29,30. This allowed discovery 
of a far larger number of mutations than had been anticipated, many of 
these affecting pathways known to be involved in tumor development 
and progression31, providing an important window into the systems-
level processes involved in cancer. However, it also indirectly showed that 
classic sequencing is simply impractical for analyzing large numbers of 
patient-based samples and complete cancer genomes, both of which 
would undoubtedly provide important therapeutic insights.

In addition to de novo mutations, DNA translocations are also impor-
tant in the etiology of many cancers and discovery of new translocations 
benefits from a genome-wide approach. Already, deep sequencing has 
identified novel translocations in some cancers, providing information 
about their etiology and insight into effective therapeutic approaches32. 
The potential value of such data will be immense when comprehensive 
identification of translocations is possible in a clinically meaningful time 
frame. Deep sequencing of tumor samples also allows one to follow the 
mutation profile of a target and assess whether changes in the cell popula-
tion may adversely affect the treatment paradigm33.

The Cancer Genome Atlas project (http://cancergenome.nih.gov/) 
aims to provide high-resolution molecular profiles of cancer. Cancer 
Genome Characterization Centers have been established to use the latest 
technologies to comprehensively detect genomic, epigenomic and tran-
scriptomic aberrations that may play a role in cancer. All of the whole-
genome analyses discussed above will be used to generate a broad vision 
of cancer, with the ultimate goal of developing strategies to better prevent 
and treat it. The use of high-throughput, novel sequencing technologies 
promises to provide far more complete profiles than would be possible 
with less comprehensive approaches.

Similarly, the rapidly changing genomes of some viruses (such as 
HIV) can be analyzed by deep resequencing of samples from mul-
tiple patients over time and with treatment34,35, allowing treatment  

clearly indicates that uncommon and rare vari-
ants play a major role in many phenotypes, as 
has also been found by direct examination19,20. 
These rare variants are not readily addressed by 
current genotyping technologies. Furthermore, 
somatic mutations that may be causative for 
development of diseases such as cancer can-
not be approached though haplotype analysis. 
Substantially expanded sequencing in large 
populations of individuals will be necessary 
for a deeper understanding of the genetic basis 
of disease. At present, sequencing is generally 
restricted to candidate genes, and provides only 
a narrow window on disease. Without question, 
if sequencing were as easy and cheap as geno-
typing, high-throughput genotyping would 
become a technique of the past.

Copy number variable regions. SNPs are not 
the only class of variation associated with 
important phenotypic consequences. From the 
early days of cytogenetics, structural genomic 
aberrations have been known to play a role in human disease. Most 
notably, chromosomal gains or losses have been associated with devel-
opmental defects and cancer. Until recently, only relatively large-scale 
rearrangements such as chromosomal aneuploidies and megabase-sized 
deletions, duplications, translocations, or inversions, detectable by tradi-
tional karyotyping techniques, were studied and used as diagnostic mark-
ers. With the advent of high-resolution genome-wide technologies and 
techniques21, previously undetected submicroscopic structural variations 
have been shown to exist, both in the genomes of diseased individuals, as 
well as in the genomes of normal populations22–25.

Using both genotyping SNP arrays and comparative genomic hybrid-
ization on large-insert clone arrays, all 270 HapMap samples have been 
analyzed for genomic gains or losses25. More than 1,400 copy number 
variable regions (CNVRs) were found, representing over 12% of the 
genome, greater than half of which were present in more than one indi-
vidual. The unexpectedly high level of CNVRs in these HapMap individu-
als was further confirmed by the resequencing of individual genomes9,26. 
Also, by comparing these data to the latest reference genome assembly, 
almost half of the gaps in the reference assembly were found to be flanked 
by or contain CNVRs. Taken together, these findings have served as an 
impetus for the inclusion of CNVR assessment in population associa-
tion studies, and highlight the fact that the reference human genome 
is, in fact, only an approximation of any individual genome. Like SNPs, 
CNVRs account for the modulation of many complex phenotypic traits 
and disease susceptibility in humans, and may play a role in environmen-
tal adaptation25,27,28. CNVRs, even more so than SNPs, will benefit from 
high-throughput sequence data, not only because their presence will be 
detectable, but also because the boundaries of insertions and deletions 
can be established with respect to other sequences.

Dynamic DNA and mixed genomes. Analysis of SNPs and CNVRs 
has been extraordinarily powerful when examining the static germline 
genome. However, there are situations in which the genome can deviate 
from its original sequence, and resequencing data are uniquely able to 
detect such alterations. In tumor cells, structural variation or preexisting 
SNPs may predispose a cell to uncontrolled growth and metastasis, but it 
is frequently de novo somatic mutations and rearrangements that have the 
greatest effect on tumor growth and disease progression29,30. Genomic 
alterations may vary even within different parts of the tumor because of 
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In addition to extreme environments, attention is also being directed 
at the variety of ecosystems present on and within the human body. 
The human microbiome project (http://nihroadmap.nih.gov/hmp/)47 
is aimed at characterizing and understanding the diversity of microbes 
that inhabit different parts of the human body and how they may affect 
health and disease. Such studies will require deep sequencing of organ-
isms to fully appreciate the complexity of interactions among microbes 
and between them and their host. These advances across the breadth 
of metagenomics will provide new insight into the role that infectious 
agents play in disease development and progression as well as provide 
an understanding of the diversity of species across many environments.

Epigenome: DNA information that simple sequencing misses
Increasingly, we are coming to recognize that the message encoded within 
the DNA sequence is regulated in a variety of complex ways, includ-
ing modifications of the genome itself. One example, alterations in the 
pattern of DNA methylation in human DNA, has been associated with 
the level of transcription, a variety of disease states and a host of other 
phenotypes48,49. The most common variation in human DNA, DNA 
methylation at the 5′-position in cytosine, can be detected by several 
methods50. New technologies that allow us to see details of DNA methyla-
tion across the genome and to analyze a large number of patient samples 
may provide insight into how these epigenetic DNA modifications affect 
development and disease. However, technical limitations still hamper 
progress in examining genome-wide gene silencing and imprinting by 
methylation. Sequencing of bisulfite-treated DNA, a method that allows 
methylated and unmethylated positions to be distinguished, has been 
laborious and costly. Because of the resource-intensive nature of the 
methodology, it has traditionally been reserved for the analysis of can-
didate genes or gene regions and thus has provided only a limited view 
of the genome.

More recently, methylation has been studied on methylation-specific 
oligoarrays48,51 or using methylation-specific restriction enzymes52. 
Differences in DNA methylation patterns between tumor and adjacent 
normal tissue were identified, suggesting that tumor progression may rely 
not only on the introduction of somatic mutations, but also on changes 
in gene methylation. This may, in turn, result in the silencing of tumor 
suppressor genes or the activation of oncogenes. When the methylation 
results were overlaid with genome-wide expression data, there was a high 
degree of correlation between high methylation rates and low levels of 
gene expression. The expression changes were presumed to be a regula-
tory consequence of the detected changes in epistatic state52. Evidence 
has also been mounting for the role of methylation in development, aging 
and gene-environment interactions, emphasizing the need to study meth-
ylation in a wider variety of samples and conditions53,54. For example, 
comparing global and specific differences in methylation in a cohort 
of monozygotic twins revealed the accumulation of epigenetic differ-
ences with age55. Changes in methylation over time and upon exposure 
to different environmental factors may account for the onset of disease 
with age. These discoveries have recently led to calls for a comprehensive 
study of epigenetic modifications throughout the genome in the form of 
a Human Epigenome Project56–58. Initial studies have already provided 
data on three human chromosomes59, as well as Arabidopsis thaliana60. 
Nevertheless, the throughput of current technologies limits the analysis 
of multiple individuals or samples.

In addition to methylation patterns, it is possible to detect other types 
of structural variation as well. Numerous enzymes and chemical agents 
are differentially sensitive to various forms of DNA strain, structure, 
accessibility and other features. With sufficient sequencing capacity, 
the ability to see breakpoints induced by nucleases or modifications 
induced by chemical agents becomes practical at the whole-genome 

protocols to be adapted to the evolving disease profile. As pathogens 
evolve drug resistance, quickly understanding how the resistance occurred 
is critical for both the diagnosis of the drug-resistant phenotype as well 
as for generating novel therapeutics for combating such resistance. For 
example, drug-resistant tuberculosis is a serious public health issue and, 
as a result, multiple tuberculosis genomes have been sequenced with 
potential benefits for enabling new treatments (reviewed by Loman and 
Pellen36). Similarly, 19 isolates of Salmonella enterica were sequenced 
to better understand its rate of evolution and its effective population 
size37. This information has improved understanding of how Salmonella 
interacts with its human hosts and thus provides insight into how the 
bacteria might be eradicated.

In addition to the direct approach just described, high-throughput 
sequencing can also identify viruses, bacteria and other organisms present 
in a complex biological sample by identifying their genomic signatures. 
When an infection, tumor or other undesirable outcome is caused by 
an unknown organism, sequencing all DNA and subtracting out what 
should be there from the total sequence profile leaves the signature of 
the contaminating or infecting organism. Such an approach has been 
used to identify viral sequences in tumor samples, thus implicating a 
virus in tumor growth38. In the same fashion, an arenavirus was linked 
with deaths after transplant surgery39 and two dicistroviruses were asso-
ciated with honeybee colony collapse disorder40 through subtractive 
approaches. The deeper the sequence coverage, the more clearly such 
signals stand out.

When it is difficult or impossible to isolate different organisms for 
individual analysis, metagenomic studies can be carried out to identify 
the species present and to determine their representation in a particular 
sample41. Traditionally, 16S ribosomal RNA or other highly conserved 
genes have been used to characterize the variety of organisms in a 
given sample to minimize the amount of sequencing required, but that 
approach limits the amount of information that can be derived from a 
sample. The composition of a mixture could be determined as well as 
how that composition changes over time, but a deeper characterization 
of the genomes represented in those mixtures was not generally possible 
because of limiting sequencing capacity.

The ability to generate deep sequence data without the need for cul-
turing organisms has opened another window on biology. Initial success 
with unculturable organisms using classic sequencing provided insight 
into bacteria that had been isolated as single cells42, but higher through-
put sequencing can take it a step further with the ability to characterize 
complex systems in detail. The unexpected diversity of populations, such 
as the mixture of syntrophic microbes that utilize methane from deep 
sea vents, is causing a rethinking of how those complex ecosystems work 
and evolve43. A variety of other ecosystems is now just beginning to be 
examined with millions of sequences used to characterize the tremendous 
genetic diversity present in extreme environments44. The tremendous 
potential for the use of this diversity as substrate for novel industrial 
enzymes and processes can only be speculated on at this point.

Simply characterizing the organisms in an ecosystem can be extended 
to using genomic technologies for assessing the health of those eco-
systems. Traditional means of assaying pollution or environmental 
stress have involved measuring macroscopic variables, such as growth 
and reproduction. More recently, measuring changes in transcription 
have proved very sensitive for detecting sublethal doses of multiple 
pollutants45,46. Because some studies have been done with microarrays, 
tester organisms required the generation of databases and construction 
of specialized arrays before use. Next-generation sequencing would have 
the advantage of not requiring the use of well-characterized species and 
would be able to detect novel transcripts that might not be expressed in 
unstressed organisms and hence not on arrays.
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The ChIP techniques have had a substantial impact on the understand-
ing of how differential protein binding can affect the regulation of many 
processes. Transcription factors, such as OCT4, SOX2 and NANOG, and 
repressor proteins, such as the polycomb proteins, are known to play a 
role in stem cell development. Correlating protein-DNA interaction data 
with expression information has provided a rich insight into mechanisms 
of action74. Although generally activators of transcription, OCT4, SOX2 
and NANOG ChIP-chip analysis has shown these factors also bind to 
and inhibit the expression of other lineage-specific transcription factor–
encoding genes74,75.

Cost and throughput often limit the number of points used in time-
course experiments, preventing the collection of the frequent measure-
ments required for high temporal resolution. Rapid changes in genomic 
regulation are known to occur in cells that respond to external stimuli, 
such as macrophages reacting to bacterial lipopolysaccharide (LPS). ChIP 
and quantitative (q)PCR analysis have been used to identify early events 
responsible for macrophage activation76. After stimulating macrophages 
with LPS, a cluster of transcription factor genes were activated within one 
hour of treatment. Mining protein-protein interaction maps and search-
ing for transcription factor–binding motifs in the genome revealed that 
two of the transcription factors identified in this early cluster, ATF3 and 
nuclear factor (NF)-κB, had binding sites upstream of cytokine-encoding 
genes IL6 and IL12b. Subsequent ChIP time-course experiments after 
LPS stimulation demonstrated that both of these transcription factors 
bound to the promoter of IL6, with an initial spike in NF-κB binding and 
a gradual sustained binding of ATF3 thereafter76. Carrying out similar 
but more complete kinetic experiments genome-wide will yield powerful 
information regarding the dynamics of genome regulatory pathways.

Transcriptome: more variants and greater precision for 
measuring RNA
The ultimate goal of understanding epigenomics, transcription fac-
tors and histone modifications is deducing how the genome responds 
to the complex collection of factors that influence cellular physiology. 
Measuring RNA expression has been accomplished by increasingly 
sophisticated tools of greater specificity and higher throughput that have 
allowed detection of increased numbers of RNA species in larger sample 
sets over a wider dynamic range. Although studies with the recently devel-
oped technologies of qPCR, DNA microarrays and serial analysis of gene 
expression (SAGE) have provided tremendous insight into biological 
processes, each suffers from its own biases and limitations. The most 
accurate techniques with the greatest dynamic range, such as qPCR, can 
be used to measure only a small subset of RNAs in any given sample. If 
one wishes to characterize a substantial fraction of RNAs in a sample 
with an oligonucleotide or cDNA microarray, it is at the expense of preci-
sion and dynamic range. With hybridization arrays, low-frequency and 
highly homologous sequences suffer the most in terms of the lower limit 
of quantification and reproducibility. Nonspecific binding of related or 
high-frequency sequences can obscure real signals. Neither qPCR nor a 
traditional array is able to discover novel transcripts and variants.

Initially, microarrays used oligonucleotides or cDNAs directed only to 
known transcripts and arrays were also limited by a small dynamic range 
and cross-hybridization of related transcripts. When different platforms 
were analyzed, comparison yielded a correlation of r = 0.7–0.8 and this 
was considered satisfactory77. The limitation to known transcripts has 
been overcome in a small number of instances by using much denser tiling 
arrays that can sample the entire genome of the species of interest. Using 
tiling arrays and other approaches, the Encyclopedia of DNA Elements 
(ENCODE) Project Consortium has embarked on a systematic effort to 
survey transcription from a subset of the genome78. A combination of 
genomic assays, comparative genomics and computational prediction 

level. Hypersensitive regions are frequently associated with regulatory 
and protein binding phenomena, so the ability to detect them at high 
resolution will provide further understanding of many processes. For 
example, digestion of the nuclease-sensitive spacers between nucleosomes 
has been used as a means to map them at a genome-wide scale for both 
Caenorhabditis elegans and Drosophila61,62.

Interactome: the direct partners and first line of function. DNA 
sequence, structure and modifications are recognized by a wide variety 
of proteins like histones, which bind nonspecifically to DNA and help 
to compact it, and transcription factors, which bind to specific sequence 
motifs and activate or repress transcription. ChIP was developed to iden-
tify novel protein binding sites across the genome. This allows researchers 
to identify protein-binding sites within living cells and has been expanded 
to a genome-wide assay with the improvement of microarray and 
sequencing technologies63–65. The method allows researchers to compare 
protein-DNA binding profiles between tissue types, developmental stages 
or differentially treated cells. The ChIP technique has been broken down 
into broad categories, ChIP-Chip, ChIP-PCR and ChIP-Seq, depending 
on the platform used to characterize DNA fragments selected during the 
immunoprecipitation process, whether microarray hybridization, PCR 
or DNA sequencing, respectively66–68. As discussed in more detail below, 
the hybridization technologies have traditionally had the benefit of low 
cost, but have been limited by incomplete coverage of the genome, dif-
ficulties in distinguishing closely related sequences and poor resolution 
of sequence boundaries. As sequencing technologies achieve lower cost 
and higher throughput, ChIP-Seq approaches are yielding more sensitive 
and complete coverage of the entire genome, providing more accurate 
pictures of the complex regulatory landscape within the genome.

ChIP techniques are also well suited for detecting differences in modi-
fication patterns on DNA-binding proteins, like histones, which have a 
variety of different post-translational modifications thought to affect 
transcription. Although histones bind in a largely nonspecific manner, 
they are modified in specific ways that tag regions of the genome for selec-
tive action by transcription factors and polymerases. A genome-wide scan 
of histone methylation patterns was superimposed on transcriptional 
start site and gene expression data to determine the effects of differential 
modification on gene expression. Monomethylation of histones 2, 3 and 
4 are all linked with gene activation, whereas trimethylation of histone 
3 has been associated with deactivation69. Similarly, genome-wide pat-
terns of histone acetylation and ubiquitination have also been linked with 
regulation of expression70,71 and differentiation status of embryonic stem 
cells and other cells72,73. Although the depth of sequencing data provided 
detailed information about such modifications, even deeper sequenc-
ing could greatly increase the resolution and aid in interpretation of the 
observed patterns. Understanding where the binding and modifications 
occur and how these interactions span the genome will provide further 
insight into gene expression.

As histones act on regions of the genome in a broad way, enhancers and 
promoters act on specific genes or regions. Enhancer sequences increase 
the expression of a gene or set of genes, but unlike promoters, enhanc-
ers are not always found near the genes they control. They are believed 
to physically interact with distal genomic targets via DNA interacting 
proteins or transcription factors, thus making their localization more 
problematic than that of simple promoters. Locating and profiling the 
physical interactions of these proteins with the genome in different tissue 
types throughout development or in response to external perturbations 
can be a powerful means of dissecting genome biology. Although the 
transcription factors bind specifically to particular DNA sequences, the 
consensus sequences for many are complex and cannot be deduced with-
out direct experimental evidence for binding within a living cell.
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concerns about the overall accuracy of the results. Capturing a wide 
range of expression levels, including RNAs that may occur at only a few 
copies per cell (as with many critical receptors and transcription fac-
tors), is important for a complete picture of the transcriptome. Greater 
depth is now achieved with more direct sequencing methodologies, 
which permit digital measurement of transcripts that provides data as 
detailed as one wishes, at a resolution that is unattainable by hybridiza-
tion methodologies. Over 40 million mRNA reads from mouse brain, 
muscle and liver have been generated allowing not just quantification 
of the mRNA but insight into splicing and transcriptional starts and 
stops99. Similarly, nearly 100 million reads were obtained from mouse 
stem cells and embryoid bodies100 and other researchers have delved 
deeply into C. elegans101, HeLa cells102, yeast103 and fission yeast104. The 
availability of technologies that provide sequence data without the need 
for PCR and other manipulations that could lead to bias in detection 
will further add to the value of such data. In contrast to hybridization, 
sequencing can accrue the extra benefits of obtaining transcription start 
and stop sites, alternative splice sites and genetic variants at the same 
time as expression data.

Integrating ’omics: the values of synergy
Each of the techniques described thus far provides valuable data for 
understanding biological systems but this value can be greatly enhanced 
when multiple types of data are generated on the same system, a prop-
erty inherent to many sequencing approaches. The recent availability of 
genome-wide expression data coupled with genotype data has already 
shown the value of integrating genetic and transcriptional approaches. 
RNA expression levels can be treated as quantitative traits and combined 
with genotyping or sequencing data to identify quantitative trait loci105. 
Mapping gene expression quantitative trait loci (eQTL) in conjunction 
with phenotypic data has allowed systems analysis and the dissection of 
regulatory relationships and their implications for disease106,107. Some 
of the eQTLs identified were known polymorphisms that have well- 
described effects on the transcription, splicing and mRNA turnover of 
their respective target genes, whereas other genes were novel loci associ-
ated with obesity and metabolic disease traits for the first time.

The feasibility of whole-genome approaches using multiple technolo-
gies has only emerged recently, but such approaches have been used previ-
ously with small regions or a single gene. For example, the study of the 
α-globin gene and its involvement in α-thalassemia108 was addressed 
by superimposing DNase hypersensitivity, phylogenetic footprinting, 
ChIP, expression and sequence data. A gain-of-function regulatory SNP 
involved in the creation of a ‘false’ transcription binding site was found 
upstream of the normal α-globin promoter, resulting in the underexpres-
sion of the α-globin genes in α-thalassemia patients108. This one-gene, 
multi-dimensional study demonstrates the type of biology that can be 
discovered only with an integrative approach, and makes the case for 
expanding this approach to genome-scale studies. Such studies are now 
emerging as integrated approaches, as evidenced by the simultaneous 
mapping of cytosine methylation, the mRNA transcriptome and the 
small RNA transcriptome in various Arabidopsis strains109. Some of the 
wide varieties of applications that can be envisioned are shown schemati-
cally in Figure 3.

Current limitations and future possibilities
Our ability to undertake genome-wide integrative studies, at a scale that 
would include multiple technologies to be used across many samples, has 
been hampered by the technical, financial and throughput limitations 
imposed by the current genetic analysis technologies. Microarrays rely on 
hybridization probes of known sequence and are limited by probe den-
sity, thermodynamic constraints on probe design and cross-hybridization  

algorithms were used to discover new exons and new transcription start 
sites for many genes, novel nonprotein-coding transcripts and chimeric 
transcripts for a number of tandem genes. It was possible to see that much 
more of the genome is transcribed than previously thought, demonstrat-
ing the existence of a large number of novel RNA species79–81.

Non-mRNA RNAs have been poorly characterized in the past, but 
recent research has highlighted the microRNA (miRNA) class of small 
RNAs that hybridize specifically to target mRNAs and inhibit their 
expression (either by inducing degradation or inhibiting translation). 
These miRNA expression profiles have been associated with develop-
mental regulation, tissue differentiation and cancer82–88. Some stud-
ies have demonstrated that specific miRNAs are directly implicated in 
cancer pathways, underscoring the importance of including noncoding 
transcript profiling in disease research. Indeed, the small size and high 
degree of similarity across different classes of miRNA molecules make 
them particularly well suited to new sequencing approaches. In addition 
to miRNAs, the expression of larger noncoding transcripts has also been 
found to be altered in cancer89 and in patients at high cardiac disease and 
diabetes risk17. The roles of these new, nonprotein-coding transcripts are 
not yet understood, but they are believed to play fundamental roles in the 
regulation of gene expression and disease progression.

In addition to arrays, hybridization to RNA within cells in situ can also 
yield valuable information, although not in as quantitative a manner. 
Using an automated in situ hybridization platform, The Allen Institute 
for Brain Science (Seattle, WA) has created The Allen Brain Atlas, a web-
based resource with a three-dimensional gene expression map for 20,000 
mRNAs in 400 mouse brain structures. Among the Institute’s findings, 
25% of the genes analyzed are expressed in a tissue-specific manner, and 
expression patterns can clearly differentiate substructures within known 
anatomical regions90. Because of technological constraints, these mRNA 
measurements could only be binned into large groupings of expression 
levels. The mouse atlas is serving as the basis for a much larger project 
recently announced and aimed at mapping gene expression throughout 
the human brain (http://humancortex.alleninstitute.org/has/). Another 
study using microarrays analyzed expression differences between neurons 
that were microdissected from disparate regions of the brain using laser-
capture methods91. A study of 193 human brains for both gene expression 
and genetic variation revealed that over 20% of identified transcripts were 
genetically determined, but this study was limited by the sensitivity of the 
tools available92. Deeper sequencing of specific cell types would provide 
more detailed genetic information as well as expression data.

Microarray platforms for assessing expression levels have not gener-
ally been used for detecting genetic variation or splice variants, but some 
have recently been designed to distinguish between the expression of dif-
ferent splice variants93,94. However, array content is still usually limited 
to known alleles or splice junctions. As with transcription, alternative 
splicing is known to occur differentially during specific developmental 
stages, in specific tissues and in various disease states95.

To circumvent the inherent issues of hybridization, researchers have 
attempted to generate digital gene expression profiles in which every 
transcript is counted. Thus far, most published articles reporting digi-
tal expression patterns have employed SAGE (serial analysis of gene 
expression)96,97. This technique relies on sequencing short tags from each 
transcript, and could potentially address the issue of rare transcripts, 
but the costs associated with SAGE have limited the number of tags that 
are sequenced to only a fraction of what is typically estimated to be the 
transcript count in a single cell. Nonetheless, comparison of tag profiles 
of more than 200,000 tags per cell line has been useful in identifying cell 
lineage–specific transcripts and differences98. This quantitative limita-
tion leads to reduced accuracy. Additionally, potential bias in transcript 
capture introduced by the complex sample preparation protocols raises 
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sets of molecules, and this capability will further add to the value of these 
data. The details of a given application will determine which technology 
is best suited for a particular situation. For example, read-length is more 
important for de novo sequencing and metagenomics with unknown 
organisms. For digital gene expression, read-length is much less impor-
tant and the number of reads becomes paramount. Thus, the absolute 
number of Mb/h is a useful metric but tells only part of the story with 
the number of reads sometimes a more important indicator. Whether 
interested in the number of reads or the number of bases, researchers and 
healthcare providers should be preparing now for what they will do with 
orders of magnitude more sequence data.

High-throughput sequencing is not without issues. Even if sequencing 
were entirely free (which is not likely to happen), there are other costs 
that will limit the benefits derived from very cheap data generation. The 
huge quantity of sequences will shift the bottleneck from the generation 
of data to its analysis. There are important challenges112 for the analysis 
of such data that will require changes to the programs used to align and 
assemble sequence. The various sequencing technologies generate differ-
ent read-lengths, different error rates and different error profiles relative 
to traditional data and to each other. In addition to simply analyzing 
the sequence data, new methods will be needed to analyze and integrate 
the massive data sets and then apply those results to various types of 
biological information. The new technologies will no doubt raise issues 
with many aspects of the current research and diagnostic infrastructure, 
and those issues should be considered now. The complexity of analy-
sis will rise markedly, but the opportunities for an immensely deeper 
understanding of disease, its causes and personalization of treatment 
will be even greater.

Overcoming these obstacles will be critical for taking full advantage of 

artifacts. This prevents a full analysis of the 
genome and leads to a reduction in the types 
of genomic or genetic changes that can be 
detected110. The throughput of current array 
platforms cannot accommodate experiments 
with 104–106 samples for a reasonable cost 
and within a reasonable time frame. Although 
the use of genome tiling arrays provides solu-
tions to some of these challenges, a complete 
picture of the transcriptome remains a techni-
cal and algorithmic challenge. The increased 
content of tiling arrays makes cost of array 
manufacture and processing an issue that has 
limited their use for large numbers of samples. 
Microarrays will continue to be widely used for 
the foreseeable future because of their exten-
sive legacy data and installed instrument base. 
However, depending on how deeply one wishes 
to sequence, digital gene expression has now 
matched or exceeded microarrays in terms of 
reagent and disposable costs per sample111. 
The different sequencing platforms can gen-
erate anywhere from 500,000 to 500,000,000 
reads per run and those are distributed across 
up to 50 channels, making it possible to analyze 
that many samples simultaneously. The costs 
of both microarrays and sequencing are, in 
many cases, <$400 per sample, so the choice 
of platform becomes dependent on the type 
of experiment and the available instrumenta-
tion ,with recurring costs becoming less of a 
factor.

Similarly, for genetic analysis, various types of genotyping arrays have 
provided a wealth of data on many phenotypes with the ability to read-
ily analyze thousands of samples, but remain fundamentally limited by 
the requirements for known variations and the current inability to cost 
effectively include all rare variants and singleton SNPs not covered by 
linkage disequilibrium. Both genotyping and expression arrays are also 
limited by sequence differences across genomes, requiring new sets of 
arrays as different species are examined. If our understanding of genome 
variation is limited to human samples, the full benefits that are attain-
able by studying other species, including disease and drug safety models, 
will be lost.

Capillary electrophoresis–based sequencing technologies are also 
unable to pierce the price and performance barriers to enable high- 
content, genome-wide experiments requiring thousands of genomic 
samples. To make genome-scale studies tractable, researchers have applied 
complexity-reduction techniques, or have relied on biological inference 
to select genes or gene regions of interest, thus looking under the lamp-
post rather than opening the genome for a full inspection. Without the 
availability of true whole-genome sequencing technologies, many regions 
of the genome will remain refractory to analysis, and many rare variants 
will remain undiscovered, limiting our understanding of genomic varia-
tion and disease.

There are now multiple high-throughput sequencing technologies 
that can address the present limitations of both hybridization-based 
technologies and classic sequencing. These technologies vary in their 
sequencing throughput in terms of samples and sequences, their com-
plexity of sample preparation requirements and their output in terms 
of read-lengths1–5. Additionally, some of these techniques allow single-
molecule sequencing, instead of the traditional sequencing of amplified 
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our new sequencing horsepower. We will be able to analyze bacterial and 
viral evolution in real time so that new and appropriate therapeutics can 
be directed at infectious agents intent on evading the current generation 
of drugs. We will be able to take advantage of the huge genetic diversity 
now hidden from view in microbes in extreme environments and apply 
novel enzymes and systems to ameliorate problems of disease, pollution, 
energy production and industrial processes. We will be able to better 
understand and track novel nucleic acid therapeutics and gene therapies 
so that they can be optimized more quickly for everyone’s benefit. We will 
better understand individual disease risk and be able to take personalized 
preventative measures.

We are now poised to take advantage of the huge advances in sequenc-
ing that the various new technologies have already attained and promise 
to achieve in the future. The widespread desire to accomplish the goal 
of cheap, accessible sequencing is clear from programs, such as the US 
National Institutes of Health’s (Bethesda, MD) $1,000 genome grants that 
seek to catalyze the rapid attainment of technological advances (http://
www.genome.gov/15015208), and the Archon X Genomics prize in which 
$10 million will go to the first team able to sequence 100 genomes in 
10 days for less than $10,000 per genome (http://genomics.xprize.org/). 
With the recent passage of the Genetic Information Non-discrimination 
Act (GINA) in the United States, many of the legal hurdles for the gen-
eration of data have been removed. We will soon be limited only by our 
imagination, as the new sequencing technologies remove the financial 
and technical barriers, and we move into an era of unexpected appli-
cations and discoveries, driven by access to massive quantities of DNA 
sequence data.

Conducting the larger and more complex experiments required 
to decode the biology of the genome and its role in disease would be 
impossible with the genomic technologies and budgets available up until 
now. As the above examples illustrate, researchers have been forced to 
make trade-offs in their experimental designs in terms of the number of 
samples they analyze, the extent of genomic coverage they extract, the 
level of genomic resolution they examine and the type of genomic data 
they obtain. To allow a truly integrative, hypothesis-free and statistically 
powerful survey of genomes, the new versatile, high-throughput, cost-
effective nucleic acid sequencing technologies that are now emerging are 
required. This surge of new data can be received as a flood, overwhelm-
ing the unsuspecting researcher, or as a tremendous wave that can be 
surfed to new horizons. Those who are able to take advantage of the new 
technologies, whether researcher or patient, will benefit substantially. 
Sequencing everything is only the first step, as we then need to process 
that data into information that can be used broadly to benefit human 
health and productivity.
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