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Functional genomics" is a term that has 

taken root in the scientific community. 
What exactly do people mean when they 
refer to functional genomics! A n  informal 
poll of colleagues indicates that the term is 
widely used, but has many different inter- 
~retations. There is even some sentiment 
that the term is unnecessary and that it does 
nothing more than refer to biological re- 
search as a whole. Perusal of the several 
hundred functional genomics websites that 
have sprung up over the last 12 months 
clearly demonstrates that interpretations of 
the term are diverse and highlights the 
substantial degree of "hype" that is being 
used to promote the functional genomics 
approach, with little data to support it. 
Nevertheless, the conceDt of functional 
genomics has arrived and it is stimulating 
the creation of new ideas and approaches to 
understanding biological mechanisms in 
the context of knowledge of whole genome 
structure. 

To  fullv understand functional genom- 
ics, we mist examine its roots.   he term 
"genome" itself is more than 75 vears old 
akd refers to an organism's complete set of 
genes and chromosomes. The term "genom- 
ics" was coined rather recently (in 1986) by 
Thomas Roderick to describe the scientific 
discipline of mapping, sequencing, and an- 
alyzing genomes and to provide a name for 
the new journal Genomics (1 ). The term has 
become universally accepted over the past 
decade. Genomics is now undergoing, how- 
ever, a transition or expansion from the 
mapping and sequencing of genomes (the 
original stated goals of the Human Genome 
Project) to an emphasis on genome func- 
tion. To reflect this shift, genome analysis 
mav now be divided into "structural eenom- - 
its" and "functional genomics." Structural 
genomics represents an initial phase of ge- 
nome analysis and has a clear end point- 
the construction of hieh-resolution genetic. 

u - 
physical, and transcript maps of an organ- 
ism. The ultimate physical map of an or- 
ganism is its complete DNA sequence. 

Functional genomics represents a new 
phase of genome analysis. It provides a fertile 
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ground for (and will require) creative thinking 
in developing innovative technologies that 
make use of the vast resource of structural 
genomics information. Specifically, function- 
al genomics refers to the development and 
application of global (genome-wide or system- 
wide) experimental approaches to assess gene 
function by making use of the information 
and reagents provided by structural genomics. 
It is characterized by high throughput or large- 
scale experimental methodologies combined 
with statistical and computational analysis of 
the results. The fundamental strategy in a 
functional genomics approach is to expand 
the scope of biological investigation from 
studying single genes or proteins to studying 
all genes or proteins at once in a systematic 
fashion. Computational biology will perform a 
critical and expanding role in this area: 
whereas structural eenomics has been charac- - 
terized by data management, functional 
genomics will be characterized by mining the 
data sets for particularly valuable information. 
Functional genomics promises to rapidly nar- 
row the gap between sequence and function 
and to yield new insights into the behavior of 
biological systems. 

Several recent studies fall under the OD- 
erational definition of functional genomics. 
The recent completion (2) of the genome 
sequence of the budding yeast Saccharomy- 
ces cerevisiae (in other words, completion of 
the structural genomics phase) has provided 
the raw material to begin exploring the 
potential power of functional genomics ap- 
proaches. A n  international consortium of 
yeast biologists is systematically construct- 
ing a comprehensive set of yeast strains, 
each of which will be deleted for one of the 
roughly 6000 predicted genes (3). Individ- 
ual yeast open reading frames (ORFs) are 
being systematically replaced by oligonucle- 
otide "bar codes," which can be used in a 
polymerase chain reaction (PCR) or DNA 
microarray assay for revealing those strains 
that survive under particular conditions (4). 
This reference collection will be made ~ u b -  
licly available as soon as it is finished and 
will provide yeast researchers specializing in 
the study of a particular cellular process or 
class of genes the opportunity to devise 
assays or genetic screens utilizing the strain 
set. Three recently devised methods for ob- 
taining genome-wide mRNA expression 
data, oligonucleotide "chips" (5), SAGE 
(6) and DNA microarrays (7), are particu- 

larly powerful in the context of knowing 
the entire genome sequence (and thus all 
genes) (8). The report by De Risi et al. in 
this issue (9) provides a powerful example 
of the way in which the DNA microarray 
methodology can provide a global view of 
changes in gene expression patterns in re- 
sponse to physiological shifts or manipula- 
tion of transcriptional regulators. The 
SAGE method, in the context of nearlv 
comprehensive expressed sequence tag 
(EST) data, has also been elegantly applied 
to analysis of genes differentially expressed 
in human cancer (10). 

In addition, knowledge of the yeast ge- 
nome sequence has made feasible the sys- 
tematic analysis of protein-protein interac- 
tions for all 6000 yeast proteins by means of 
the two-hybrid method (1 1 ). Analysis of all 
18 million pair-wise combinations is under 
way. Furthermore, partial protein sequences 
from high-resolution, two-dimensional gels 
and electrospray mass spectrometry of pro- 
tein complexes can be used to unambigu- 
ously assign peptides to specific gene se- 
quences in the context of the whole ge- 
nome sequence (1 2,  13). 

As Peter Goodfellow has said (14), the 
central belief embedded in functional 
genomics is that the complete sequence of 
the genomes of many organisms, including 
humans, will change the way we do biology. 
Daniel Tosteson, dean of the Harvard Med- 
ical School, described the situation more 
explicitly: "In the past we have had func- 
tions in search of sequences. In the future, 
pathology and physiology will become 
'functionators' for the sequences" (1 5). Tra- 
ditional disciplines are already adopting a 
genome-scale viewpoint when it comes to 
approaching research problems. One exam- 
ple is the Cancer Genome Anatomy Project 
(CGAP),  which seeks to foster infrastruc- 
ture and new methodologies for cancer de- 
tection, diagnosis, prognosis, and therapy 
(16). Functional genomics will not only 
make traditional research approaches more 
oroductive and efficient, but will also suo- 
blement the detailed understanding of gene 
function provided by traditional approaches 
with a powerful new perspective on the 
holistic o~era t ion  of bioloeical svstems. - 
Functional genomics, however, will not re- 
dace  the time-honored use of genetics, bio- - 
chemistry, cell biology, and structural stud- 
ies in gaining a detailed understanding of 
biological mechanisms. The extent to 
which any functional genomics approach 
actually defines the function of a particular 
protein (or set of proteins) will vary de- 
pending on the method and gene involved. 
In general, the functional information 
gained will provide a framework and a start- 
ing point for further analysis (1 7, 18), much 
like a primary genetic screen identifies can- 
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didate genes that require extensive subse- analysis and utilization of the results by the 
auent validation. scientific communitv. 

We are entering a phase in which we 
shall see more functional eenomics data and REFERENCES AND NOTES 
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Announcements of discoveries of disease- 
related genes often suggest that tests to 
predict people at risk of future disease will 
soon be available (1 ) .  Few regulatory bar- 
riers stand in the wav (Table IA) .  If a , . 
commercial or academic clinical laborato- 
ry wants to offer a genetic test service 
(whereby it receives specimens, analyzes 
them, and reports results), it must register 
under the Clinical Laboratory Improve- 
ment Amendments (CLIA) and receive 

certification from the Health Care Fi- 
nancing Administration, which is the fed- 
eral agency primarily responsible for the 
administration of CLIA (2 ) .  The process is 
not expensive and causes no delays in 
offering tests. For an organization that 
wants to market kits that independent 
laboratories, health care providers, or con- 
sumers can use to perform the test, the 
process is longer and more complex (3). In 
this case, the organization must first notifv 
the Food an; Drug Administration 
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assays and the interpretations. Under CLIA, 
there are no reauirements for demonstrating 
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clinical validity, but in the certification pro- 
cess, each laboratorv mav be called on to 
provide data on the' analytic validity of its 
tests 1.5). . . 

If the discovery of a disease-related gene 
~rovided sufficient information on a test's 
validity and other aspects of its effectiveness, 
this regulatory environment might be ade- 
quate. Seldom is this the case. First, the data 
collected on research subjects may not be 
representative of the findings in others at 
risk of the disease. Second, additional ques- 
tions regarding the benefits and risks of test- 
ing, which are unlikely to be part of the 
original research, need to be considered. Un- 
der current regulations, the acquisition of 
sufficient data to warrant the transition of 
predictive genetic testing into health care 
cannot be ensured. More data must be col- 
lected in an investigative stage, during 
which results mav be eiven to subiects 
(through their pro"iders)if they have con- 
sented to ~ a r t i c i ~ a t e  and receive results. Be- 
fore consenting, subjects must be informed of 
the questions the study is designed to answer 
and the potential risks and benefits. 

The Task Force on Genetic Testing, 
was convened by the National Institutes 
of Health-U.S. Department of Energy 
(NIH-DOE) Working Group on Ethical, 
Legal, and Social Ilnplications of Human 
Genome Research to review the state-of- 
the-art of genetic testing in the United 
States and to make recommendations 
when necessary to ensure (i) development 
of safe and effective genetic tests, (ii) their 
performance in laboratories of assured 
quality, (iii) their appropriate use by 
health care providers and consumers, and 
(iv) the continued deliverv of tests for rare , , 

diseases. The Task Force, representing a 
wide arrav of stakeholders, has iust issued 
its final report, concluding that, for the 
most part, genetic testing for Mendelian 
disorders in the United States has devel- 
oped successfully, providing options for 
avoiding, preventing, and treating inher- 
ited disorders (6). However, problems 
arise in attaining each of the goals. Below 
we will consider the steps needed to estab- 
lish the safety and effectiveness of a ge- 
netic test before it is incorporated into 
health care and the relevant Task Force 
recommendation (Table 1B). In its report, 
the Task Force makes recommendations 
on the last three goals as well. The focus of 
the Task Force on potential problems in 
no way is intended to detract from the 
benefits of genetic testing. Its overriding 
goal is to recommend policies that will 
reduce the likelihood of damaging effects 
so the benefits of testing can be fully 
realized. 
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