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late, we will become better at triangulating 
from multiple disparate bits of information Dissecting Human Disease in 
to gain a bearing on what a protein does in 

the cell. Proteomics will come of age when 
 the Postgenomic Era its revelations about formerly uncharacter- 

ized proteins directly drive imaginative hy- 

potheses about their functions. Leena Peltonen and VictorA. McKusick 

What We Need A
s overwhelmingly demonstrated by months seems realistic. This dramatic in- 


For a field so laden with razzmatazz methods, the sequencing papers in this issue, crease in the amount of genomic informa- 

it is striking that the number one need in pro- the complete anatomy of the human tion will have a tremendous impact on 

teomics may be new technology. There are genome is now before us. In a very short biomedical research and on the way that 

simply not enough assays that are sufficiently time-within a decade-we have ad- medicine is practiced. When all the hu- 

streamlined to allow the automation necessary vanced from having very little informa- man genes are truly known, scientists will 

to perform them on a genome's worth of pro- tion about the genetic details of biology to have produced a Periodic Table of Life, 

teins. Those currently available barely scratch possessing an immense amount of struc- containing the complete list and structure 

the surface of the thousands of specialized tural information about individual genes. of all genes and providing us with a col- 

analyses biologists use every day on their fa- Currently, the complete genome se- lection of high-precision tools with which 
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genes, at least one disease-related muta- 
tion has been identified (see the figure at 
the top of this page). Because different 
mutations in the same gene often result in 
more or less distinct disorders, the total 
number of diseases for which OMIM lists 
mutations approaches 1500 (see the figure 
at the bottom of this page). 

Beginning in 1986, map-based gene 
discovery (positional cloning) became the 
leading method for elucidating the 
molecular basis of genetic disease. Al- 
most all medical specialties have used 
this approach to identify the genetic caus- 
es of some of the most puzzling human 
disorders. Positional cloning has also 
been used reasonably successfully in the 
study of common diseases with multiple 
causes (so-called complex disorders), 
such as type I diabetes mellitus and asth- 
ma. With the availability of the human 
genome sequence and those of an in- 
creasing number of other species, se- 
quence-based gene discovery is comple- 
menting and will eventually replace map- 
based gene discovery. 

With the anatomy of the human 
genome at hand, the biomedical research 
community is facing sweeping changes in 
its methods and strategies (see the table on 
the next page). Here, we address the major 
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starting point for understanding our basic challenges and opportunities facing mem- abundance of SNP databases (for ex- 
genetic makeup and how variations in our bers of the research community as they ample, www.ncbi.nlm.nih.gov/SNP; http:// 
genetic instructions result in disease. continue to dissect the molecular basis of snp.cshl.org; http://hgbase.cgr.ki.se). How- 

The pace of the molecular dissection of human disease. ever, the follow-up work of understanding 
human disease can be measured by look- how these and other genetic variations reg- 
ing at the catalog of human genes and ge- Monitoringvariations in the Genome ulate the phenotypes (visual characteris- 
netic disorders identified so far in Mendelian Initial analyses of the completed chromo- tics) of human cells, tissues, and organs 
Inheritance in Man ( I )  and in OMIM, its somal sequences suggest that the number may well occupy biomedical researchers 
online version, which is updated daily of human genes is lower than expected for all of the 21st century. 
(www.ncbi.nlm.nih.gov/omim). For 1100 (about 35,000) (2). These findings are Selecting strategies for monitoring the 

consistent with the idea DNA variations associated with human 

proportion of the mil- 
lions of sequence variations in our 
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genomes will have such functional im- 
pacts, identifying this subset of sequence 
variants will be one of the major chal- 
lenges of the next decade. The success of 
global efforts to identify and annotate se- 
quence variations in the human genome- 
which are called single-nucleotide poly- 
morphism~ (SNPs)-is reflected in the 

that variations in gene disease requires careful consideration and 
(6) regulation and the splic- new innovative methodologies. First, the 

ing of gene transcripts cost of detecting DNA variations is still 
explain how one pro- too high to enable screening for tens of 
tein can have distinct thousands of SNPs in massive epidemio- 
functions in different logical study samples. Second, the annota- 
types of tissue. It also tion and cataloging of variations and their 
seems likely that obvi- frequencies in various populations is not 
ous deleterious muta- systematically organized. Third, the selec- 
tions in the coding se- tion of relevant variants for epidemiologi- 
quences of genes are cal and functional studies is still a guess- 
responsible for only a ing game. We know amazingly little about 
fraction of the differ- the relative importance of variations in the 

Year 

I;, & L & & & .I &, 4 & &, ,!. & & ences in disease sus- regulatory and intronic sequences of hu- 
w w ~ ~ w w w ~ w m m m m m m m m m m o  9 9 9 9 9 ceptibility between in- man genes and how they differ between 

Year dividuals, and that se- populations. Fourth, quantitative analyses 
quence variants affect- of the effects of thousands of DNA varia- 

Pace of disease gene discovery (1981 to 2000). The number of dis- ing gene splicing and tions and the "genome-wide" variant pro- 
ease genes discovered so far is 11 12.This number does not include at regulation must play m 
least 94 disease-related genes identified as translocation gene-fusion files that predispose individuals to com- 

partners in neoplastic disorders. Numbers in parentheses indicate dis- important part in deter- plex diseases are still in their infancy. All 
ease-related genes that are polymorphisms ("susceptibility genesm). e g suscep- of these issues require de- 

t~bility. As only a small velopments, coordinated efforts, and better 
solutions than those currently available to 
genetic epidemiologists. 

Genome-Wide Screening of Gene 
Transcript Variations 
Oligonucleotide and cDNA microarrays 
have revolutionized the study of differen- 
tial gene expression in different cells and 
tissues, enabling numerous scientists to an- 
alyze disease processes such as the devel- 

opment of tumors. Mi- 
croarray techniques are 

Molecular characterization of clinical disorders (1981 to 2000). 
The number of clinical diseases characterized (1430) does not in- 
clude the many neoplastic disorders caused by translocation-relat- 
ed fusion genes. 
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sensitive enough to de- 
tect expression of a target 
gene among 50,000 to 
300,000 transcripts (3). 
The possibility of simul- 
taneously monitoring the 
transcription rate of vir- 
tually every gene from 
even modest amounts of 
tissue is now on the hori- 
zon. Similar array tech- 
niques are also being &- 
~eloped to analyze pro- 
teins and their variants 
(4). 

The first reports of 
genome-wide profiling 
of gene transcription in 
tissue from patients with 
clonal diseases such as 
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leukemia (5, 6) show the power of this mental window during which the pathway 
strategy. But, because insufficient infor- is turned on. 
mation exists about intra-individual and Several biocomputing-based strategies 
inter-individual variations in gene expres- have been introduced to construct genetic 
sion, profiling human traits beyond those (and ultimately protein) networks (7). Ho-
associated with clonal disease processes is mology searches among genomes of vari- 
still a risky endeavor. Changes in tran- ous species can identify orthologs (closely 
scription profiles with progression related gene sequences between species) 
through the cell cycle and during tissue and paralogs (closely related gene se- 
differentiation, as well as variations in ex- quences within a species) that encode pro- 
pression profiles between individuals, cre- teins of known function. Furthermore, 
ate background noise. This disturbs the shared regulatory motifs and coordinated 
detection of "real" signals signifying actu- expression patterns are good indicators of 
al disease-related changes in gene expres- genes that operate in networks. The cur- 
sion. Systematic data collection from ex- rent search for co-regulated genes is pro-. 
pression array experiments and dutiful pelled by two very different technologies: 
storage of images in accessible databases biocomputing-based motif searches and 
would greatly facilitate efforts to under- expression microarrays. Motif identifica- 
stand changes in the transcription of indi- tion combines sequence comparisons and 
vidual genes during various disease pro- database searches to seek out common 
cesses. 1f we do notstart to carefully cata- promoter and enhancer regions. Expres- 
log collected data now, we will lose a sion microarrays directly examine gene 
great opportunity to reanalyze cumulative co-regulation under a variety of experi- 
data with the computational and mathe- mental conditions. 
matical tools that will be developed in Phylogenetic profiling looks for genes 
years to come. that have the same pattern of presence or 

absence across multiple species. Function- 
Detecting New Metabolic Disease ally related genes, which encode proteins 
Pathways that interact with each other, should be 
The majority of publications reporting ge- subject to similar evolutionary pressures 
netic studies of complex diseases investi- (8).The Rosetta Stone (or fusion domain) 
gate candidate genes and known metabolic method identifies proteins that are sepa- 
pathways. The major 
problem-with any strate- 
gy for analyzing a can- PARADIGM SHIFTS INBIOMEDICAL RESEARCH 

didate gene or metabolic Structural genomics + 	Functional genomics 
pathway is that we look ............ ..... ........... ....... 

wherever we can (that Cenomics -+ Proteomics 

is, among the candidates Map-based gene discovery -+ 	 Sequence-based gene 
that we already know) discovery 
and we most probably 

Monogenic disorders -+ Multifactorial disorders overlook other essential ......... .- ...... ................... .......................................... 
genes or pathways be- Specific DNA diagnosis + Monitoring of susceptibility .......................................................................................................................
cause of our ignorance 
of human biology. Pro- Analysis of one gene -+ 	 Analysis of multiple genes 

in gene families, pathways, teins, the products of 
or systems 

genes, perform their ............ ..... ........... ....... 

functions by interacting Gene action + Gene regulation 
with each other in coor- 	

............ ..... ........... ....... 


dinated networks. But, E 

only a fraction of these on, -+ Several species 
networks have been 
identified and character- 
ized through classical 
biochemistry, structural analyses, and as- rate molecules in one organism but fused 
says of activity. A much more comprehen- together in another (9). The gene neighbor 
sive view of how proteins interact with method identifies genes that are clustered 
each other inside cells will become possi- together on the same chromosome in dif- 
ble with sequence information from multi- ferent species (10). 
ple species, including humans. Knowing These approaches already have identi- 
the full complement of our genes, we fied a number of protein networks. For 
should be able to identifv all of the examvle. recent analvsis of sex determi- . , 

metabolic pathways in the human body, no nation genes from a number of different 
matter how short the half-life of the partic- primate species has provided evidence 
ipating proteins or how small the develop- that, as anticipated, the evolutionary trees 

predicted for the D M ,  SOX9, and SRY 
genes are very similar (11). These strate- 
gies need to be developed further because 
absolute reliability has not been achieved 
with any of them (although admittedly 
some of this unreliability is due to still- 
missing information). As increasing num- 
bers of eukaryotic genome sequences are 
deposited in databases and more three-di- 
mensional protein structures are deter- 
mined from different species, even cur- 
rently available strategies will yield more 
reliable information. 

Model organisms provide an alterna- 
tive and complementary approach to the 
identification of new metabolic pathways. 
The sophisticated genetic technology 
with which we study Drosophila has pro- 
vided us with an extraordinary oppor&ni- 
ty for analyzing the functions of all fly 
genes. For example, isolating mutations 
in fly orthologs of human genes has re- 
vealed new tyrosine kinase pathways in 
Drosophila. An oncogenic form of the 
signaling molecule Ras gives rise to pro- 
found developmental abnormalities in the 
fly eye. By crossing flies that display 
these abnormalities with heavily mutage- 
nized flies, one can screen for mutations 
in other genes that modify (either en- 
hance or suppress) the severity of the eye 
phenotype. This type of "modifier 
screen" has led to a nearly complete dis- 
section of signaling pathways down- 
stream of Ras, pathways that are con- 
served in human cells (12). Recently, 
similar strategies have been applied to the 
study of the fly insulin-signaling pathway 
(13). Drosophila and other experimental 
species will be valuable for identifying 
genes involved in new biochemical path- 
ways, including those implicated in hu- 
man disease. 

Phenotypic Variations in Simplex 
Diseases 
There are major problems associated with 
dissecting the molecular basis of even sim- 
ple monogenic diseases caused by muta- 
tions in a single gene. Principal among 
these are the modifying effects of other 
genes. No gene operates in a vacuum; 
rather, each gene busily interacts either di- 
rectly or through its protein product with 
many other genes and gene products. This 
results in marked variations in the symp- 
toms of patients with the same disease. Of 
the 1500 or so monogenic diseases for 
which the mutated gene has been identi- 
fied, there are only a few where the effects 
of other genes on disease pathogenesis 
have been studied. Existing information 
about monogenic diseases, such as cystic 
fibrosis and Hirschsprung disease, demon- 
strates that certain modifier genes cause 
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variations in the clinical phenotype of 
these disorders [for a review, see (14)l. It 
is probable that many diseases that are 
considered monogenic will turn out to be 
"complex" disorders. Such complexity 
may be attributable to the typically unpre- 
dictable effects of gene mutations on the 
encoded protein and on the metabolic 
pathway in which the protein acts (15). As 
exemplified by Marfan syndrome, there 
could be an expression threshold below 
which the mutant protein does not cause 
a disease phenotype (16). In the hemoglo- 
binopathies, for example, modifier genes 
play an important part in the appearance of 
clinical symptoms (1 7). Finally, the recog- 
nition that metabolic pathways are 
only rarely controlled by single rate- 
limiting steps greatly complicates 
the prediction of which symptoms a 
patient will develop based on the 
gene that is mutated (18, 19). These 
possibilities all require further anal- 
ysis in human patients as well as in 
model organisms before we can un- 
derstand why the severity of mono- 
genic diseases varies not only with 
different mutations in the same 
gene, but also among affected indi- 
viduals within the same family. 

The Genetic Background of 
Complex Disorders 
If there is a challenge to identifying 
the genes involved in so-called 
monogenic diseases, clearly this 
challenge will be far greater for oli- 
go- and polygenic disorders, which 
have multiple causes. Many of the 
diagnostic features of these complex 
diseases-called quantitative trait 
locus (QTL) disorders-are proba- 
bly regulated by at least several 
genes (see the figure on this page). 

Well-established mouse models of 
disease will be crucial for dissecting 
the molecular basis of complex disor- 
ders. Despite millions of years of 
evolutionary separation, there is close 
homology between many mouse and 
human gene sequences and many ex- 
tended chromosomal regions that 
have maintained the same genes in 
the same order. Data sets of this 
mouse-human synteny are presented 
in the major human and mouse 
databases and are becoming even 
more comprehensive as sequencing 
of the mouse genome advances 
(www.ncbi.nlm.nih.govMomo1ogy; 
www.informatics.jax.org/menus/ 
homology~menu.shtrnl). 

Mouse models, with their short 
generation times and high breeding 
efficiency, are extremely useful for 

unraveling the causes of complex disorders. be genetically restricted to a section that is 
They provide shortcuts to disease gene iden- small enough to be sequenced and then the 
tification, unequivocal proof that a mutation mutated gene within this section can be 
in that gene causes the disease, and rapid identified. The mutated gene can be iirther 
dissection of the molecular pathway in analyzed for functional variations in human 
which the mutant protein acts. Many human study samples (20, 21). The ability to pro- 
diseases with complex genetic backgrounds duce transgenic and knockout mutant mice 
have counterparts in the mouse (and in other and the possibility of creating congenic 
mammalian species). In a number of in- strains (in which a limited region of one 
stances, the conserved synteny region that chromosome from one strain is operating on 
harbors a disease or QTL trait has been the background of another strain) removes 
identified. The mapping (positional cloning) many of the problems associated with hu- 
of a mouse disease gene is relatively man disease studies that depend on human 
straightforward because of the possibility of populations where the genetic background 
controlled breeding and crossing of the is extremely heterogeneous. In these mouse 
mice. Suspected chromosomal regions can strains, the functional consequences of mu- 

tated genes or even of mu- 
Monogenlc disorder Complex disorder tated gene clusters can be 

Mutation studied with high precision. 
1 Similarly, Drosophila 

Ger~_ _ has served as a valuable 
model for analyses of nor- 
mal and aberrant develop- 

Gene D ment because the experi- 
Gene B Tr; + Gene variations mental this species possibilities reach far with be- 

vond those of mammals. 

Inheritance pattern 
(dominant or recessive) 

E E G Genetic risk in - 
population 

Genetic risk in 
different families 

one hundred years of clas- 
sical genetics has aovlded 

inheritance pattern (complex) 

'rnvironmentnife-style 

! Genetic risk in population - (epidemiological evidence) 

Family 

inheritance of monogenic and complex (multifactorial) disorders. In 
monogenic diseases, mutations in a single gene are both necessary and 
sufficient to produce the clinical phenotype and to cause the disease. 
The impact of the gene on genetic risk for the disease is the same in all 
families. In complex disorders with multiple causes, variations in a num- 
ber of genes encoding different proteins result in a genetic predisposi- 
tion to a clinical phenotype. Pedigrees reveal no Mendelian inheritance 
pattern, and gene mutations are often neither sufficient nor necessary 
to explain the disease phenotype. Environment and life-style are major 
contributors to the pathogenesis of complex diseases. In a given popula- 
tion, epidemiological studies expose the relative impact of individual 
genes on the disease phenotype. However, between families the impact 
of these same genes might be totally different. In one family, a rare 
gene C (Family 3) might have a large impact on genetic predisposition 
to a disease. However, because of its rarity in the general population, 
the overall population effect of this gene would be small. Some genes 
that predispose individuals to disease might have minuscule effects in 
some families (gene D, Family 3). 
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collection of mutant genes 
at numerous loci that affect 
fly development and be- 
havior. The catalog of 
transposon insertions lead- 
ing to well-described fly 
mutant phenotypes for a 
number of genes is avail- 
able from various databas- 
es (www.flybase.org). Be- 
cause the insertion sites of 
these transposons have 
been mapped at the nu- 
cleotide level, it is often 
trivial to go from a human 
gene to a fly gene and then 
to the fly mutant on the 
computer (22). Genes asso- 
ciated with human disease 
can be investigated in 
Drosophila by searching 
for the fly homolog, or 
making flies with P-ele- 
ment insertions, or charac- 
terizing previously identi- 
fied mutations and their 
associated phenotypes. 
Furthermore, as with the 
mouse genome, targeted 
mutations can be intro- 
duced into the fly genome 
by homologous recombina- 
tion (23). This provides an 
extraordinary opportunity 
to assess the biological ef- 
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fects of disease genes in Drosophila. Dissecting Interactions Between Genes with DNA tests throughout life will be 
Mouse and fly, however, are not ideal and Environment standard practice (27). Soon, genetic test- 

study subjects for all complex diseases. Most common human diseases represent ing will comprise a wide spectrum of dif- 
But, so far, the lack of genomic resources the culmination of lifelong interactions ferent analyses with a host of conse- 
for nonhuman primates has limited the between our genome and the environment. quences for individuals and their fami- 
possibilities for genomic and genetic com- Predicting the contribution of genes to lies-an issue worth emphasizing when 
parisons between humans and the great complex disorders is still a challenge, and explaining genetic testing to the public. 
apes. The value of such comparisons for determining the interactions between The challenge for health care profes- 
biomedical research is increasingly appar- genes and the environment during any dis- sionals will be to correctly interpret the 
ent. The benefits will be particularly pro- ease process is a daunting task. Many hu- outcome of genetic testing for their pa- 
found for elucidating the genes involved in man diseases, such as hypertension, coro- tients, their patients' families, and for soci- 
human behavior. Opportunities for com- nary artery disease, and even some psy- ety in general. Genetic counselors, who 
paring the human genome with those of chiatric disorders, represent quantitative explain the purpose and results of genetic 
other primates have opened up with the traits that are caused by interactions tests, will be crucial for helping individu- 
development of new genomic resources, among genes and between genes and the als to make informed decisions, particular- 
such as the recently completed whole- environment. For instance, QTL genes ly when test results indicate the possibility 
genome marker map for the baboon (24). that contribute to elevated lipid levels in of disease. Current training programs, in- 
Sequencing of the chimpanzee genome the blood may only be expressed if the in- cluding those in medical schools, do not 
should be a high priority because such a dividual eats a high-fat diet. Epidemiolog- adequately teach students how to deal with 
resource would be enormously beneficial ical study cohorts that carefully report and these challenges. 
for understanding those diseases that can- register environmental factors-such as The tremendous potential for efficient 
not be studied in lower species. We should smoking, type of diet, exercise habits, information transfer via the Internet can 
also learn a few lessons from nonanimal events during fetal life and early child- and should be used to inform the public of 
species. For example, the successful posi- hood (for example, infections)--will be of the possibilities provided by the genomics 
tional cloning of a single gene responsible immense importance when combined with era. However, when it comes to sensitive 
for the QTL of tomato fruit size was re- genetic risk profiling. If these variables and very personal aspects of genetic in- 
cently reported (25). Some human QTLs are measured and carefully registered, formation, traditional contact with health 
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