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on another route to understanding biological function. The growing number of examples where the path from sequence variant to function has
been elucidated offers an encouraging pointer to coming progress.
Although the collection of whole-genome data from large numbers of
individuals in disease studies is set to become routine, making sense of
that data is not yet straightforward. There are formidable analytical challenges ahead, even in the research context. Moving this kind of information into the clinic takes the challenge to another level. Like others, I am an
enthusiast for personalized medicine, but one of the biggest obstacles to
the use of individual genomic information in health care will be the need
for robust analytical tools for its interpretation.

David Botstein
Director, Lewis-Sigler Institute for Integrative Genomics,
Princeton University, Princeton, NJ, USA
When I first became interested in genetics in
the early 1960s, DNA had just taken center stage. We studied its chemical and
physical properties, and we understood that inferences about genes
and genomes (yes, this word was
used then) were actually about
information encoded in DNA
sequences, which we could
not read or interpret. By the
1970s, we had learned how to
use recombinant DNA technol-ogy to manipulate DNA in baccteria and viruses, which allowed
ed
us to recover (clone) sequences
nces
encoding proteins from any organism (including humans). The next step
became obvious (and controversial)
oversial) even
before it had been reduced to reality: expressing these coding sequences
in easily cultivated cells and producing pure recombinant proteins in
quantity at reasonable cost. This enabled production of previously rare
protein therapeutics and allowed biologists, biochemists, and structural
biologists to study pure proteins.
One would have thought, after these developments, that when the possibility of sequencing entire genomes was ﬁrst raised, it would be regarded
as an obvious next step with great promise for science and medicine. Instead,
it was met with much skepticism; in the beginning, I was among the skeptics. Unlike the controversy over recombinant DNA, which revolved around
issues of safety, opposition to sequencing the human genome was driven
by concerns about the extreme cost (estimated then at $3 billion) and effort
required. The opposition (including me) felt that diversion of these kinds of
resources to “big science” might so distort the nature of our scientiﬁc community that the cost would outweigh the beneﬁt. There was no consensus
then around the beneﬁts of the genomic sequences, for science or for society.
In 1988, a National Research Council study (on which I served), proposed a compromise whereby much smaller, and therefore cheaper,
genomes of genetic model organisms would be sequenced ﬁrst. The critical argument for me, and indeed for much of the scientiﬁc community, was
that the sequences of the model organisms could be interpreted through
experimental work, yet the homology among similar proteins in diverse
organisms would allow us to transfer much of the biological interpretation
to the human genome. Genomic sequences of many organisms, not just
the human, would allow us to read and ultimately interpret the information
in DNA in all of them. So it turned out. The beneﬁts for science have been
nothing short of revolutionary.

Presenting the Human Genome:
Now in 3D!
Yijun Ruan
Senior Group Leader and Associate Director, Genome Institute
of Singapore, Singapore, Republic of Singapore
The completion of the human genome sequence in 2001 was, to me, the
most important accomplishment in biology. Since then, we have journeyed to the next frontier through signiﬁcant improvements in our ability to analyze and map gene expression and transcription factor–binding sites in the human genome. We now understand that the ggenome
is far more complex than linear informaation could explain. Therefore, to fullyy
appreciate the rules by which thee
genome operates on an organismal level, we have to comprehend higher-order chromosomal organization. To
reach that pinnacle, we need
ﬁrst to understand how the
genome is spatially organized and how that organization affects basic nuclear
and cellular processes. We
also need to learn how transcriptional dynamics and epi-
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Fruits of Genome Sequences for Biology

• We no longer need to theorize or speculate about evolution. In the
genome sequences, we have data that fully and quantitatively document the evolution, from common ancestry, of all life on Earth.
• Insights about the functions of human genes and proteins continue
to come fast, most often from studies of their homologs in model
organisms. We now can study all the genes of an organism simultaneously via methods that were mostly invented to get the sequencing
done in the ﬁrst place.
• The cost of sequencing has fallen dramatically. It is now literally easier
and cheaper to sequence the genome of a bacterial or yeast mutant
than it is to isolate the gene and sequence only the relevant bits.
• As sequencing costs have fallen, it has become practical to follow
sequence heterogeneity in populations, which may allow us to understand the inheritance of complex phenotypes and the basis of complex human diseases. Such studies have transformed our understanding of the origins and history of the human species.
The fears of big science around sequence technology have largely dissipated. TToday, individual investigators outsource routine sequencing to
a thriving service industry at an astonishingly modest cost. Data-release
practices introduced during the human genome sequence project facilitate reuse of existing data in place of pointless and expensive repetition.
This hhas spread to the functional genomics community and beyond. As
with all technology development, some issues remain, such as the
cost of computational and sequencing infrastructure, which is still
co
bbeyond the means of individual small laboratories. These can be
dealt with well short of big science by modest increases in funding for shared facilities.
When I began my career, I never imagined that someday I
could simply look up a gene’s coding sequence; ﬁnd its orthologs
co
in other organisms; and order, from a service organization, a mutation to
t my speciﬁcation for an experiment to reveal gene function. Yet
this is now our world, the direct result of a collective agreement to make
genomic ssequencing a priority in the last decades of the 20th century. It
was a very good decision.
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The Meaning of the Human Genome
Project for Neuropsychiatric Disorders

A Healthy Son

Mary-Claire King
Professor of Genome Sciences and of Medicine (Medical Genetics)
University of Washington, Seattle, WA, USA
Gutenberg must have felt like this: the sense of endless possibilities, of
inﬁnite applications exploiting the new technology, of the world having
changed forever. It seems audacious, but is, I think, correct, to compare his
time to ours. I offer a single case study to explain.
K is the youngest of eight siblings. Three of her ﬁve brothers were
severely developmentally delayed, with cognitive impairment and intractable behavioral disorders. No one else in their large extended family
was affected. The most likely explanation for her brothers’ condition was
X-linked inheritance following
a new mutation in their mother.
Fragile X was excluded, and the
critical gene had eluded detection. The region of the X-chromosome shared by the three affected
brothers was 40 megabases, too
long to enable prenatal diagnosis.
K despaired of having a healthy
son. Then early last spring, targeted X-exome sequencing of constitutional DNA from the affected
brothers revealed a nonsense
mutation in a gene known to be
implicated in mental retardation.
The mutation had not been detectable by conventional technologies
but was transparent to massively
parallel sequencing. K carried the
mutant allele. Armed with knowledge of the mutation, K and her husband undertook pregestational diagnosis (PGD), which involves in vitro fertilization of their egg and sperm,
then genotyping of embryos via the polar bodies, and implanting a normal
embryo in the mother’s uterus. In experienced hands, PGD works very well.
K and her husband have a healthy newborn son.
Genetics is a way of thinking. Genomics is a set of tools. If we think rigorously about genetics and use these tools well, the resolution of inherited
disorders on behalf of our patients will be bounded only by our imaginations. One healthy infant at a time is not a bad way to begin.

Socializing Genetic Diseases

Vololona Rabeharisoa
Professor of Sociology, Centre de sociologie de l’innovation,
MINES ParisTech, Paris, France
The sequencing of the human genome has been a major scientiﬁc adventure of the late 20th and early 21st centuries. It has played a decisive role
in the development of biomedicine and has led to numerous partnerships between researchers, clinicians, and the pharmaceutical and biotech industries.
Patient organizations have also been involved in these partnerships
from the very beginning. In France, for instance, the French muscular
dystrophy organization, the AFM (Association Française Contre les Myopathies), is a classic example. To step up the struggle against neuromus-
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Steven E. Hyman
Provost, Harvard University and Professor of Neurobiology,
Harvard Medical School Boston, MA, USA
The past 3 years have witnessed a series of replicable, credible, and
increasingly useful genetic discoveries in autism, schizophrenia, and
bipolar disorder. I cannot emphasize enough the signiﬁcance of this
progress. Neuropsychiatric disorders are outsized contributors to global
disease burden, yet treatment development has reached a near standstill. The problem is that the brain, with its myriad cell types and complex circuitry, represents such a difﬁcult scientiﬁc frontier. Because genes
play powerful roles in neuropsychiatric disorders, identiﬁcation of causal
variation could provide invaluable clues to their pathogenesis. Sadly, the
genetic architecture of neuropsychiatric disorders is ﬁendishly complex,
but unlike other areas of medicine wrestling with genetic complexity, psychiatry lacks objective phenotypic markers.
When I became director of the National Institute of Mental Health
(NIMH), NIH, in 1996, I did not foresee quite how complex the genetics
would prove, but did recognize that the contemporary technologies were
overmatched. (I ruefully joked that I had the only institute with no lowhanging Mendelian fruit to pluck.) With expert advice, I decided that the
only rational approach was to amass large collections of patient DNAs
with extensive phenotype information. Some investigators resisted sharing of samples, but for most, that day has long passed. I am pleased that
these NIMH collections have proven useful, albeit as only a small fraction
of the needed sample sizes.
It was not, of course, the ﬁrst human sequence per se that turned the
tide for neuropsychiatric disorders. As for much of medicine, the associated technologies and analytic approaches (above all, the availability of

ever cheaper and more accurate DNA sequencing) are proving decisive.
These advances have given investigators, clinicians, and patients hope that
genetics will ﬁnally yield tools that neurobiologists have dreamt of to study
the brain in health and in illness.
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genomic states affect the topological organization of chromosomes. Exciting progress has been made recently in mapping the three-dimensional
(3D) chromatin architecture. Growing evidence suggests that long-range
chromatin interactions are crucial for transcriptional regulation and
genome rearrangement, for example, in cancer cells. Ten years ago, the
linear composition of the genome was spelled out; I anticipate that in the
next 5 to 10 years, we will be able to reveal the 3D topographic map of
the human genome within cells, which will help us uncover new insights
into development, as well as into the basis for disease.

Presenting the Human Genome: Now in 3D!
Yijun Ruan
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