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I want to thank you very much for giving me the honor of
serving you as the President of the American College of Med-
ical Genetics (ACMG) during 2001 and 2002. I considermyself
extremely privileged for you to have placed your trust in me.

The ACMG is the organization within clinical genetics that
is responsible for education and policy. Last year in my presi-
dential address I argued that we blend exacting science with
compassion and advocacy in the care of our patients, and we
must work individually and collectively to ensure full and
equal access to genetic information and genetic health profes-
sionals.1 This year I will discuss the critical need for medical
geneticists to be the leaders in translating genomic information
for practical medical use.
The premise underlying my presentation is that for the Hu-

man Genome Project to have its fullest impact, its products in
the form of sequence and concepts must be translated for use
in clinical medicine. Translational genomics will be the result
of this endeavor, and medical geneticists should be the leaders
in this arena.
The success of translational genomics will depend on our

ability to discern the complexity of interactions among genes,
gene products, and the environment. A full understanding of
this complexity will depend upon new ways of considering
genetics in the genomic era. This will require an intermingling
of concepts from biology, engineering, and information sys-
tems, and comparisons within and between genomes, tran-
scriptomes, proteomes, and metabolomes.
We are already seeing a shifting focus inmedical genetics from

rare to common diseases. I will argue, however, that translational
genomics teaches us that the differences between rare and com-
mon diseases are not so extreme, because in fact there are a mul-
titudeofgenotypes for“commondisease”phenotypes. Ifweare to
improve significantly the care of our patients with rare and com-
mon genetic diseases, then wemust develop collaborative, multi-
institutional, protocol-driven clinical studies.

Human Genome Project and translational genomics

Genetics has come a long way in less than 50 years, from the
original identification of the double helical structure of DNA

byWatson and Crick2 in April 1953, to the drafts of the human
genome published by the public3 and private4 efforts in Febru-
ary 2001.
Initiated in 1990, the completion of the public Human Ge-

nome Project was originally planned for 2005. However, the fin-
ished sequence is anticipated for spring 2003, to commemorate
the 50th anniversary of theWatson and Crick publication.2

The results of the Human Genome Project will involve not
only the complete sequencing of the human genome, but also
the creation of a new branch of science and medicine, genom-
ics, as well as a series of derivative disciplines. If a genome is all
of the DNA for an organism, then genomics is the study of that
genome and its implications. Derivative disciplines include
transcriptomics, the study of the transcriptome, representing
all of the transcripts or RNA copies of the genes in a cell, tissue,
or individual; proteomics, the study of the proteome, repre-
senting all of the proteins in a cell, tissue, or individual; and
metabolomics, the study of the metabolome, representing all
of themolecular components of a cell, tissue, or individual that
are produced by the proteins of the proteome. Additional de-
rivative disciplines are being and will continue to be described.
Genomics, its derivative disciplines, and the synthesis of this

information will generate the complete parts’ lists and the
parts’ assembly instructions for a fully functioning organism.
The promise of the Human Genome Project is improved

diagnosis and treatment through the application of genomic
information and technologies, leading to predictive medicine
and individualized medical care.5 Genomic medicine will be
predictive rather than reactive. It will be preventive in its phil-
osophical orientation, rather than the more traditional medi-
cal approach of responding only after acute presentation. The
predictive and preventive nature of genomicmedicinewill lead
to screening of populations, subpopulations, and individuals
for genetic predispositions to rare and common disorders.
Medical geneticists should be the translators for genomic

medicine. The ACMG, with its roles in education and policy
formation, gives our membership the venue in which to orga-
nize these translational efforts. We must prepare ourselves for
our roles in translational genomics by addressing the complex-
ity of biological systems.

Complexity of interactions between genes, gene products, and
environment

The disciplines of genomics, transcriptomics, proteomics,
and metabolomics are already changing our concepts regard-
ing the organization of biological systems. Many of us thought
of biochemical pathways as an interconnection of enzymes and
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metabolites in a relatively homogeneously connected network.
We have learned that such systems are referred to as exponen-
tial networks, in which the probability of a node’s having in-
creasing connectivity falls as an exponential function.6,7 Ro-
bust biological and human-designed systems have the hub-
and-spoke architecture of scale-free networks. These scale-free
networks are more heterogeneous in their connectivity, with
most nodes having one or a very few contacts, and only rare
nodes being highly connected. Examples of scale-free networks
include the Internet6 and natural proteomes.8

Scale-free networks are highly robust, meaning that it is dif-
ficult to fragment such networks.7 Communications between
nodes are unaffected by very high failure rates, since most of
the nodes have very low connectivity. If a node is lost, then
there is a very high probability that this node will have been
connected to only one other node, and while this connection
will fail, there is a very low probability that the overall function
of the network will be compromised.

The structural features that give scale-free networks their
robust properties, however, are also the source of their vulner-
ability. The highly connected nodes, although quite rare, are
critical to network function. Failure of these highly connected
nodes, such as by a mutation in a biological scale-free network,
will fragment the network and threaten the survival of the net-
work. Considerations of the error and attack tolerance, as well
as the vulnerabilities of scale-free networks, are essential to our
understanding of the pathogenesis of genetic diseases.7,9 Such
considerations require a global view of an organism’s func-
tional components and their integration, informed, for exam-
ple, by a knowledge of that organism’s genome, transcriptome,
proteome, and metabolome.

Intermingling of biology, engineering, and information systems

Our thinking about the complexity of cellular and organis-
mic biology will require us to move from molecular to modular
concepts.10 Within this modular view of biology, the compo-
nents will have properties that we will recognize to be similar to
those in engineering and computer science. Recent evidence
has shown that a biological system may be constructed that will
function as an oscillator11 or a toggle switch.12 This modular
view of biology will require the formulation of new models and
general principles if we are to achieve an improved ability to
appreciate and manipulate these functional modules.10

The Human Genome Project is also bringing about major
changes in bioinformatics. Many think that, while the sequenc-
ing efforts represent a major scientific accomplishment, the
real “genomics revolution” is in the ability to manage and an-
alyze the information contained within the sequence. The on-
going efforts in sequencing and informatics will permit trans-
lation for improved medical care, although there is a
substantial amount of work to be done before practicable
translation is available to individuals.

If the sequencing of an individual’s genome would be avail-
able for $1,000, then let us consider some of the issues that
would accompany the translation of this information for med-
ical decision-making by that individual. For any data acquisi-

tion there is inevitably an error rate, and this will be true for
genomic sequence. Even if the error rate is quite low, the size of
the genome is such that numerous errors are anticipated until
the cost is so low that multiple repetitions are possible. For
example, if sequencing is 99.99% accurate, this would result in
an error every 10,000 nucleotides, or with a human genome of
approximately 3.2 billion base pairs the number of errors
would exceed 300,000. Interpretation of sequence variation
between individuals would have to consider differences due to
technical errors as well as natural polymorphisms. In addition,
interpretation of an individual’s genomic sequence will require
a better understanding of complexity in biology, from the mul-
tiple functions of individual proteins to a modular view of
biological networks. Beyond the technical and biological con-
siderations in the use of the genomic sequence information are
ethical, legal, and social issues. The cost of $1,000 that we have
set arbitrarily would be affordable for some and absolutely in-
accessible for others. For those who could afford to have their
genomes sequenced, there would be the issues of privacy and
discrimination, and how this information could be stored in a
manner that would ensure fidelity and accessibility without
compromising insurability.1

Comparisons within and between genomes, transcriptomes,
proteomes, and metabolomes

Comparisons of sequences within and between organisms
may be quite powerful. Such comparisons are quite common
and useful for DNA coding sequences and deduced amino acid
sequences, for which similarities and differences define and
distinguish, for example, functional domains and gene fami-
lies. Comparisons among noncoding sequences may identify
and distinguish regulatory elements. Other conserved blocks
of noncoding sequences are being recognized, but for many of
these conserved regions their functions remain to be identified.
A fuller understanding of function and interrelationships
throughout the genome, transcriptome, and proteome and
their impact on the metabolome will be required for interpre-
tation of sequence differences within an individual’s genome.

Functional comparisons must be made at all levels, but at
this time are focusing on the proteome and metabolome. Stud-
ies in microorganisms can give us insight into principles un-
derlying the robustness of all biological systems. Growth of
Escherichia coli on glucose was analyzed to determine which
enzymes contributed most strongly to the robust properties of
this metabolic system.13 Flux limits for enzymatic reactions
were examined below which growth on glucose was compro-
mised, and these enzymes were classified into three groups:
pentose phosphate pathway, three-carbon glycolytic pathway,
and tricarboxylic acid cycle. For the pentose phosphate path-
way and tricarboxylic acid cycle, growth was not compromised
until residual flux fell to �15–30% of normal. For the three-
carbon glycolytic pathway, however, growth was compro-
mised when flux fell to only 63% of normal, indicating that this
region of metabolism was much more sensitive to variation.
Therefore, while growth of E. coli on glucose is in general a
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highly robust property, not all components are equally resis-
tant to perturbation.

Comparisons of the large-scale organization of metabolic
networks between organisms also may give insight into the
robustness of biological systems. The metabolic networks of 43
organisms were compared quantitatively for 43 organisms rep-
resentative of archae, bacteria, and eukaryotes.14 Significant
differences in the pathways were observed among these organ-
isms, but the overall design properties were quite similar. The
investigators speculated that the scale-free topological organi-
zation was the common design-element in these organisms
and that this organization contributed to the common feature
of robust tolerance to variation among these very different
organisms.

DAX1 deficiency and perturbation in a complex network

Dosage-sensitive sex reversal, adrenal hypoplasia congenta,
on the X chromosome, gene 1 (DAX1), is the nuclear receptor
family member encoded by the NROB1 gene.15 Loss of DAX1
function by deletion or point mutation causes disruption of
the normal development of the steroidogenic axis leading to
adrenal hypoplasia congenita associated with hypogonado-
tropic hypogonadism. The key question is how the loss of a
single gene product results in the compromise of a robust de-
velopmental system.

Traditionally we have thought of blocks in metabolic path-
ways as analogous to the damming of a flow of water with a
buildup behind the dam and overflow into side channels, and
of blocks in transcriptional cascades as interruption of signal
transfer. Consideration of the complexity of developmental
networks, however, gives us a different view of the effects of
mutations. DAX1 is a node in a complex network with a high
level of connectivity.16 Loss of DAX1 function would not sim-
ply compromise a one-dimensional transcriptional cascade,
but we would speculate that mutation of DAX1 would com-
promise the function of each of the transcription factors distal
to it in the network, and therefore an entire sector of the tran-
scriptional network would be lost.16

Shifting focus from rare to common diseases

Some consider the shift in focus within medical genetics
from rare, Mendelian diseases to common, complex disorders
as a paradigm shift. We must consider, however, that rare and
common disorders, or “single” gene and multigenic diseases,
respectively, represent points on a continuum and not distinct
entities.9,17–19

Multitude of genotypes even for common disease phenotypes

Complexity is the rule for the phenotypes of “simple” Men-
delian traits, as well as for common, multigenic disor-
ders.9,17–20 In a Mendelian or “single” gene disorder, there is
one gene that exerts a primary effect, but the phenotype in the
individual patient is influenced by additional modifier
genes.17–19 As a single gene loses its primary effect and the in-
fluences of two or more genes begin to be approximately co-
equal, the disorder is recognized as multigenic. Such multi-

genic diseases may also be referred to as “complex” diseases,
but this terminology denies the fundamental complexity of the
“single” gene diseases. The major portion of the common dis-
orders, such as cancer, cardiovascular disease, and diabetes
mellitus, are presumed to be multigenic with superimposition
of environmental influences.

Since the phenotypes of the “simple” Mendelian disorders
represent the influences of the primary genetic abnormality
and additional modifier genes, and those for multigenic disor-
ders clearly involve the influences of multiple genes, and both
have additional environmental influences, therefore the phe-
notypes of individuals in all categories of genetic disorders will
be determined by the individuals’ extended genotypes. In other
words, each individual, regardless of the type of genetic disease
they experience, are influenced by their unique genotype and
environmental experience.

For Mendelian disorders, although there may be a group of
modifier genes that may influence the phenotype, not every
modifier gene will be involved in each patient. Similarly, for the
multigenic disorders, if there are large groups of genes that may
be involved in the pathogenesis, only a subset of these will be
involved in any individual patient. Therefore, any genetic dis-
ease will be composed of individuals with rare composite ge-
notypes, and we can develop similar approaches for the acqui-
sition of an evidence base across all genetic disorders.

Development of collaborative, multi-institutional, protocol-
driven clinical studies

The use of clinical studies involving collaborations between
multiple institutions with strict adherence to protocols devel-
oped by consensus among the participating investigators rep-
resents the approach that will optimize progress toward a
sound evidence base when individual patients are rare. We
have determined that even for common disorders, those with
an identical composite genotype will be rare; therefore, such an
approach will be just as valid for rare disorders as for common
diseases.

One example from genetics is the multi-institutional, ran-
domized, double-blind, placebo-controlled investigation of
the value of penicillin prophylaxis in patients with sickle cell
disease.21 Accumulation of a significant number of patients
with sickle cell disease from a number of centers in a carefully
controlled, protocol-driven study permitted the very clear
conclusion to be drawn that penicillin did benefit patients with
sickle cell disease. In fact, the statistical power of the study was
so strong that the study was terminated earlier than anticipated
when the data indicated that the patients on placebo were at
risk for sepsis and death far in excess of those on penicillin
prophylaxis. The consequence of this well-controlled study
was the conclusion by a National Institutes of Health Consen-
sus Development Conference that all neonates should be
screened for sickle cell disease in order to identify those with
this disorder and initiate penicillin prophylaxis to prevent the
morbidity and mortality associated with clinical presentation
in the absence of a diagnosis.22
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Perhaps the most successful example of a multi-institu-
tional, protocol-driven clinical collaboration is the Children’s
Oncology Group (COG). It is estimated that at least 85% of
children with cancer are enrolled in COG protocols, and if
those involved with natural history studies are included, the
enrollment may be as high as 95%. The involvement of such a
high proportion of children with cancer in clinical trials by
COG and its predecessors permits an iterative approach to
improvements in interventions and has been credited with the
remarkable success that has been achieved in pediatric cancer
outcomes.

The highly individualistic approach that characterizes much of
American medicine, including medical genetics, provides the
practitioner with management autonomy. If we argue that pool-
ing of patients into collaborative, protocol-driven clinical studies
will facilitate progress, then the conclusion would be that the lack
of collaboration by autonomous physicians delays progress un-
necessarily. To be successful, an organized national approach to
develop collaborative studies in medical genetics will require
“buy-in” by the clinical genetics community (with associated loss
of practitioner autonomy) and adequate resources to support the
protocols (including patient enrollment and support, data analy-
ses, and iterative interventional changes).

Summary and conclusions

The need for translational research has received consider-
able recent attention. Medical geneticists and the ACMG have
the opportunity to establish a model for translational studies
for the medical community through collaborative natural his-
tory studies and interventional clinical trials. Medical genetics
will become the clinical embodiment of the Human Genome
Project if we are successful in transliterating genomic se-
quences and concepts into the language of medicine. Optimal
care for our patients and those of our colleagues in other spe-
cialties of medicine will require that medical geneticists con-
tinue to accept the responsibility for translational genomics.
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