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We believe the field of bioinformatics

for genetic analysis will be one of the

biggest areas of disruptive innovation in

life science tools over the next few years.

— Isaac Ro, Goldman Sachs analyst [1]

While the term “bioinformatics” orig-

inated from Paulien Hogeweg, a Dutch the-

oretical biologist, in 1970 [2], the

groundwork was laid by the founding fa-

thers of information theory and computer

science, Claude Shannon and Alan Turing. 

Shannon, widely known for his Mas-

ter’s thesis work in the application of

Boolean logic to digital design, outlined the

basis for bioinformatics in his 1940 PhD

thesis entitled “An Algebra for Theoretical

Genetics” [3,4]. However, as Shannon’s

main interest was in communication theory

and cryptanalysis, he never pursued this

work any further [4].

In 1943, Turing visited Shannon at

Bell Labs to share British code-breaking

methods, and the two exchanged ideas.

Later on, near the end of his life, Turing ap-

plied his computing acumen to biology,

penning his famous 1952 work in spatial

modeling of morphogenesis [5]. Building

on work by D’Arcy Thompson, Turing, es-

sentially employing bioinformatics, mod-

eled biological growth in fir cones, using

the Manchester University Mark I comput-

ing machine [4]. 

From the beginning, bioinformatics

has been a field driven by big data. It is

now defined as the interdisciplinary toolset

for applying computer science, mathemat-

ics, and statistics to the classification and

analysis of biological information. At the

highest level, bioinformatics is used to an-

alyze large datasets to help answer biolog-

ical questions, both in fundamental biology

and in the biology that underlies disease.

As such, developments in this field

have been driven by our ever-increasing

ability to accrue large amounts of biologi-
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cal data, and they ultimately trace back to

the underlying data generation technology.

The first major effort that propelled this

technology was the International Human

Genome Project (HGP†) [6,7], which was

enabled by the introduction of automated

DNA sequencing instruments in the mid-

1980s. This resulted in the unprecedented

development of sequence analysis tech-

niques for assembling our genome.

This project turned into a 10-year,

multinational, multi-billion dollar effort to

generate the sequence of a single reference

human genome. While this project was a

necessary impetus for the development of

the field, such large-scale projects are not

easily sustained. Nevertheless, it led to the

democratization of data generation.

The first democratizing technology was

the DNA microarray, which was introduced in

the mid-1990s [8]. Microarrays enabled re-

searchers to perform a single-day, low-cost

experiment that surveyed the gene activity of

all genes in a cell sample — an effort that

would have otherwise taken several man-

years to produce. This thousand-fold advance

resulted in many labs producing enormous

datasets of gene activity, and it stimulated a

great deal of bioinformatics development in

the areas of deducing gene function and clas-

sifying disease conditions. Microarray tech-

nology was further extended to provide

sequence information at a large number of

variable marker sites in the genome. This en-

abled large-scale statistical studies of the as-

sociation between gene variants and the risk

for disease [9]. In these gene expression and

genotyping roles, and in the hands of many re-

searchers and labs, DNA microarray data was

a major driving force for bioinformatics de-

velopment between 1998 and 2008.

The democratization of data generation

was further propelled by the introduction of

massively parallel DNA sequencers in 2005

[10]. These provided a major performance

advance over the automated sequencers that

powered the HGP and ushered in a new wave

of diverse DNA sequence data. As a display

of the power of this new technology, it was

used to sequence the first genome of a spe-

cific individual, that of Dr. James Watson, co-

discoverer of the double helical structure of

DNA and Director of the original HGP [11].

Taking merely a few months, this process

cost less than $1 million and reproduced the

entire HGP on a scale that could be per-

formed by a single lab. Such sequencers fa-

cilitated developments in personal genome

and next-generation sequencing technology

[12]. Eventually, genome-scale sequencing

became accessible to local research centers

and larger labs, as costs dropped to $5,000-

$10,000 genomes, deliverable in 1 to 2

weeks. Ultimately, sequencing-based ap-

proaches began to supplant DNA microarrays

for many research applications.

Currently, and in the foreseeable future,

the explosion of data emanating from human

genome sequencing will drive bioinformat-

ics. However, the field will undergo a criti-

cal inflection, as more of this data will be

generated in translational and clinical set-

tings. This change was recently reflected at

the highest levels of government planning,

when, earlier this year, the NIH created the

National Center for Advancing Translational

Sciences with a first-year budget of $575

million and a mandate to develop this new

field of genomic medicine. This landmark

initiative is the first national funding shift in

genomics since the inception of the original

HGP and parallels the events of 1989, when

the NIH created the National Center for

Human Genome Research (now NHGRI) as

the organizing and funding agency that

would initiate and drive the HGP. While

thousands of research subject genomes are

currently being sequenced per year, it is an-

ticipated that millions of patient genomes

will be sequenced annually, in combination

with medical records. This, in turn, will re-

sult in unprecedented power and need to use

bioinformatics to resolve the genetic com-

ponents of human diseases. 

In order for this goal to be realized, con-

tinued advancements in data creation must be

made. Such advances are needed to deliver the

$1,000 same-day human genome, a perform-

ance landmark that has long been considered

the threshold for when genome sequencing

can enter the realm of routine medical diag-

nostics [13,14]. While such advanced tech-
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nology will most likely propel the creation of

an entirely new industry, the first platform ca-

pable of this was introduced this year [15,16].

The technological advance employed was to

perform the sequencing entirely using a stan-

dard semiconductor sensor chip, thereby plac-

ing sequencing on the same technological

foundation as computers, digital cameras, and

smartphones. This enables sequencing to di-

rectly leverage the trillion-dollar investment

that the semiconductor industry has made in

chip manufacturing capability and to directly

benefit from Moore’s Law ― the doubling of

chip performance every two years. To high-

light the importance of this historical scaling,

the first human genome sequenced with this

new chip-based technology was that of Gor-

don Moore [15], founder of Intel Corporation

and originator of Moore’s Law [17]. Such se-

quencing technology will prove vital in driv-

ing the next wave of clinical genome

sequencing.

Yale has played an important role in this

technological progression, as alumnus

Jonathan Rothberg (PhD Yale, ’91, Biology)

introduced the first next-generation se-

quencing platform, the 454 system [10].

Most recently, through Ion Torrent [15],

Rothberg introduced the first platform that

could provide the $1,000 genome. 

As a university with one of the leading

research medical centers and departments of

Human Genetics, Yale is ideally positioned

at the forefront of this next wave of clinical

genome sequencing. Yale’s Center for Ge-

nomic Medicine, under the direction of

Richard Lifton, Chair of Human Genetics

and Professor of Medicine, is pioneering the

use of clinical genome sequencing with the

latest Ion Torrent technology.

Because bioinformatics is data-driven

biology, it is highly interdisciplinary and re-

quires the application of mathematical

knowledge, computer science, and statisti-

cal skills for working with biological data.

Constructing a sound education in this field

is challenging, as there are no time-honored

curricula to follow. 

In the first article, Bagga describes the

challenges of developing a well-structured

bioinformatics undergraduate degree pro-

gram. This piece is an invaluable summary

of a decade of experience in the creation and

evolution of such a curriculum. Auerbach

then addresses these issues from the per-

spective of a bioinformatics graduate stu-

dent, with a helpful guide to navigating

complex educational choices. 

As the future of bioinformatics will in-

creasingly be driven by the clinical use of

genome sequencing and patient data han-

dling, bioinformaticians who work in clini-

cal environments and physicians familiar

with bioinformatics techniques will be in

high demand. This raises further educational

issues, and Rubinstein outlines the ideal ed-

ucational path for those who will be working

at this critical nexus between clinical medi-

cine and large-scale data analysis. 

The ultimate bioinformatics challenge

in medicine is to elucidate the genetic basis

and treatment of cancer. The diversity and

complexity of tumor genetics and biology,

combined with the severity and ubiquity of

cancer, create unmatched potential for bioin-

formatics applications. Two articles illus-

trate the status and challenge of cancer to

bioinformatics. 

The review article by Fendler et al.

summarizes what we have learned from

years of DNA microarray research and early

efforts at sequencing cancer genomes. It also

highlights many of the remaining challenges

and opportunities.

The original research article by Parisi et

al. provides an excellent illustration of the

complexity of cancer biology, particularly

the complexity arising from heterogeneous

cell populations within a single tumor. The

paper then shows how this complexity can

be teased apart by integrative bioinformat-

ics analysis drawing on technologies such as

targeted genome sequencing via DNA mi-

croarray assessment of SNP markers and

DNA microarray assessment of genome-

wide gene expression. 

The major target for bioinformatics in

the clinical arena will be massive databases

of electronic health care records, combined

with genome sequence data. The creation of

such databases is essential to discovering ge-

netic risk factors for disease causation and
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treatment response. A pair of articles by Kerr

et al. and Ronquillo describes the factors that

will support the creation of such databases,

the barriers to their creation, and the ultimate

utility they can provide in personalized med-

icine.

We hope that this special issue of YJBM

provides both inspiration and guidance to

those interested in becoming bioinformati-

cians or merely learning more about this ex-

citing field. The new era of clinical genome

sequencing is just beginning, and there has

never been a better time for bioinformati-

cians to make a real and lasting impact on

human health.
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