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Abstract As the first assembly of the human genome was announced on June 26, 2000, we
have entered post genome era. The genome sequence represents a new starting point for sci-
ence and medicine with possible impact on research across the life sciences. In this review |
tried to offer brief summaries of history and progress of the Human Genome Project and two
major challenges ahead, functional genomics and DNA sequence variation research.
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INTRODUCTION

The Human Genome Project (HGP) is an interna-
tional project with its ultimate aim in obtaining the
complete nucleotide sequence of the human genome by
DNA sequencing. The HGP was conceived in the mid-
1980’s out of the need for a large-scale project to de-
velop new mutation detection methods. The HGP for-
mally began in October 1990 to discover all of the ap-
proximate 100,000 human genes and to determine the
three billion bases of the human genome. Initially, the
HGCP was to last for 15 years, however, rapid techno-
logical advances have reduced the expected completion
date by at least two years. Furthermore, on June 26,
2000, a rough draft of the entire human genome was
completed — well ahead of schedule. It is difficult to
imagine what would change as a result of the HGP. In
this review, what impact the HGP would have on sci-
ence and medicine in the future will be discussed.

WHAT IS THE HUMAN GENOME PROJECT?

The genome is defined as the total genetic material
contained within the chromosomes of an organism.
Humans have 46 chromosomes, 23 from each parent,
which represent our genome. The human genome com-
prises of about three billion base pairs, counting only
one of each pair of chromosomes, and encodes about
100,000 proteins. These coding regions make up only
about 2% of the genome and the function of the re-
maining 98% is unknown. The major goals of the 15-
year HGP include: construction of high resolution ge-
netic and physical maps of the human genome; deter-
mination of the complete nucleotide sequence of hu-
man DNA and of the DNAs of selected model organ-
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isms; development of capabilities for collecting, storing,
distributing and analyzing the data produced; creation
of appropriate technologies necessary to achieve these
objectives [1,2]. The goals also include analysis of the
ethical, legal, and social implications of human genetics
research, and training of scientists who would be able
to utilize the tools and resources developed through the
HGP to pursue biological studies that will improve hu-
man health. Over the past ten years excellent progress
has been made on the construction of genetic and
physical maps of the human genome - ordering poly-
morphic and monomorphic markers within the genome
[3-5]. These maps have assisted in identifying over 100
disease-causing genes. Parallel studies on selected model
organisms have been extremely helpful in developing
the technology and interpreting human gene function.
The sequencing of the DNA of Escherichia coli, Sac-
charomyeces cerevisiae, Caenorhabditis elegans and Dro-
sophila melanogaster is complete and their complete
genome sequences are in GenBank [6-9]. The current
emphasis is placed on sequencing mouse genome.

FUNCTIONAL GENOMICS
Identification of Coding DNA

From the start of the HGP there has been much de-
bate over whether to go for whole genome sequencing
or to focus on the coding DNA sequences. Indeed, even
if the entire human genome sequence is available,
identification of all the human transcripts is a daunting
task that will continue far beyond the projected the
year 2003 deadline mainly because much of the DNA
does not encode transcripts (coding DNA accounts for a
mere 2% of the genome), the coding sequences of most
human genes are split into exons, which are separated
by noncoding intervening sequences, introns, and many
individual human genes undergo alternative splicing
and polyadenylation to yield different mRNA sequences
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encoding protein isoforms which may be tissue specific.
It is possible to identify genes by computer analysis of
the DNA sequence using two types of software, ho-
mology searches and exon prediction, but the best pro-
grams have been only moderately successful. Among
various ways of identifying and isolating human coding
DNA clones, the expressed sequence tag (EST) approach,
which involves the construction of cDNA libraries and
sequencing short fragments of cDNA clones from vari-
ous human tissues, was chosen for the establishment of
systematic cDNA resources [10]. ESTs covered only a
segment of the gene, however, their utility for gene
identification was immediately recognized.

NIH initiated the projects to discover genes from
various human tissues. Two examples are CGAP (Can-
cer Genome Anatomy Project) and BMAP (Brain Mo-
lecular Anatomy Project). These two projects have two
critical components in common; gene discovery phase
and gene expression profiling phase. The gene discovery
phase was aimed at cataloging all the genes expressed in
normal and cancerous tissues (CGAP) and in various
regions of adult and developing brains (BMAP). Con-
struction of cDNA libraries, 3’ and 5" EST sequencing
and clustering of EST clones into non-redundant sets of
unique clones led to the catalog/index of UniGenes ex-
pressed in given tissues. Public EST sequencing projects
have now contributed over 1.5 million human ESTs to a
GenBank division specifically devoted to managing EST
sequences (dbEST). The IMAGE (integrated molecular
analysis of gene expression) consortium (http://image.
lInl.gov/) was formed, led by the Lawrence Livermore
National Laboratory, and has fostered the development
of gridded arrays of cDNA clones and preparation of
master arrays of clones representing unique genes, fa-
cilitating the widespread use of ESTs among the bio-
medical research community. The IMAGE consortium
clones also provided excellent resources for gene-
expression profiling experiments by cDNA microarrays.
With the advances of the technologies for obtaining
full-length cDNAs, the mammalian gene collection pro-
ject has launched in 1999 to generate full-length cDNA
resources [11].

Gene-FExpression Profiling

Knowing the genome sequence or even all the loca-
tions of genes of an organism does not guarantee that
everything about life at the molecular level will soon be
understood. Two major challenges ahead, once the HGP
is complete, are to decipher the function of each human
gene and to be able to correlate specific molecular varia-
tion with phenotype changes.

Functional genomics is the science of understanding
how the genome functions through controlling the ex-
pression of genes. Once the catalog of UniGenes ex-
pressed in given tissues becomes available through vari-
ous EST projects, the next phase, then, is to examine
roles of genes by determining gene expression patterns
and monitoring alterations in gene expression profiles
during development, metastasis, or other pathological
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conditions. With advances in high-density DNA mi-
croarray technology, it has become possible to screen
large numbers of genes to see whether or not they are
active under various conditions [12-15]. Microarrays
vary in detail, but in essence consist of a dense array of
nucleotide sequences, perhaps oligos chemically synthe-
sized on a glass chip, or longer cDNAs robotically spot-
ted. The sequences represent all the genes of a cell or
some subset. mRNAs are collected from a cell during
some developmental stage, or following an experimen-
tal treatment, and they, or cDNAs, are labeled, usually
with a fluorescent marker. The labeled molecules are
then hybridized to the glass-bound set of cellular DNAs.
Expressed sequences glow, so genes that are expressed
together are immediately apparent, thus providing a
snapshot of gene activity for thousands of genes. This is
called gene-expression profiling, and numerous experi-
ments are under way studying how genes are turned on
and off in complex plants, pathogens, model organisms,
and human cancer cells [16-20]. In the future a com-
plete genome expression analysis for a single cell might
eventually be possible. Data from many experiments
can be compared and genes that have consistent pat-
terns of activity can be grouped or clustered. Although
analytical tools for understanding the information pre-
sented on a microarray are still rudimentary, a great
deal of effort has been put into applications of various
algorithms for clustering similarly expressed sequences
[21-23]. It might be possible to hypothesize about un-
known genes, by linking their expression patterns to
known genes. In this way, genes that characterize a par-
ticular cell state, such as malignancy, can be identified —
so providing new information about the biology of the
cell state.

There has been an expectation that gene-expression
profiling will revolutionize cancer diagnosis. The ra-
tionale is that tumor behavior is dictated by the expres-
sion of thousands of genes, and that microarray analysis
should allow the prediction of the behavior and clinical
consequences. Recently two reports demonstrated that
gene expression information can be used to categorize
human cancers with, human acute leukemia [24] and
diffuse large B-cell lymphoma (DLBCL) [25] as test
cases, in ways that will support therapeutic decisions.
However, class prediction entails two challenges: 1)
developing algorithms to cluster samples by gene ex-
pression patterns, and 2) validation: determining whether
those putative classes are meaningful and reflect true
biological structure in the data rather than aggregation
by chance. An attempt to integrate large databases on
gene expression and molecular pharmacology by assess-
ing gene expression profiles in 60 human cancer cell
lines has demonstrated how variations in the transcript
levels of particular genes relate to mechanisms of drug
sensitivity and resistance [26]. A novel molecular char-
acterization of human cancer cell lines frequently used
for drug screening and their relationships to tumors in
vivo was also established by exploring the variation in
expression of approximately 8,000 unique genes among
the cell lines {27]. In general microarray experiments
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need much observation before formulating hypotheses.
The experiments uncover genes, which seem to be im-
portant in some regulatory pathway or other, but
which are otherwise unknown. At least a tentative hy-
pothesis may be possible, along the lines that genes that
behave alike are functionally related, suggesting further
experiments and observations.

Functional Genomics Using Model Organisms

Researchers use model organisms such as laboratory
mouse, zebrafish, or drosophila to help guide functional
genomics. Due to the presence of many valuable animal
models of human diseases and the rapid progress of
mouse genome sequencing project, mice have been al-
ways the major focus. The two most popular ap-
proaches are available to generate a mutant mouse on a
large scale for such studies. One is based on gene trap-
ping techniques and uses the ability to create mutations
in mouse embryonic stem cells on a large scale (http://
www.lexgen.com/). The other involves genome-wide,
saturation chemical mutagenesis using ethylnitrosourea
(ENU), a supermutagen that primarily causes single
base changes, to identify and isolate genes with impor-
tant functions for mammalian biology. Information on
a major ENU mutagenesis project and data derived
from a systematic screening protocol is available at
http://www.har.mrc.ac.uk/mutabase. Mutant animals
were then utilized to positionally clone the genes that
underlie defects. Advances in microarray technology would
make it possible to examine roles of genes in normal
physiological as well as pathophysiological states.

Human Genomic Diversity

The central aim of all genetics is to correlate specific
molecular variation with phenotype changes. Once the
human genome is sequenced, it will become possible to
understand the spectrum of genetic variation in the
human gene pool and its relation to diseases. Why does
one man live to celebrate his hundredth birthday while
another succumbs in midlife to cancer or heart disease?
And why may one woman’s breast cancer be effectively
eradicated while another’s shows no significant re-
sponse to the same treatment? The explanations may
reside in the cumulative effect of a small number of
differences in DNA base sequence called single-nucleo-
tide polymorphisms (SNPs), which underlie individual
responses to environment, disease, and medical treat-
ments [2,12].

SNPs are variations of one nucleotide between the
DNA sequence of individuals and the most common
type of sequence variation. Other variations include a
number of base insertions and deletions and sequence
repeats (called mini- and microsatellites). The occur-
rence of SNPs is approximately one every 800 bases
throughout the human genome. SNPs are found in
genes that encode proteins (called cSNPs) and in non-
coding regions. These polymorphisms could be the basis
for most human diseases because of their potential
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functional importance. If the SNP occurs in the protein-
coding region of a gene, it could be in the ‘wobble’ posi-
tion of a codon and thus not affecting the amino acid
sequence of the protein; or it could be in a conserved
position and could potentially alter the function of the
protein. Some disease-causing mutations are SNPs, for
example, single base change in the gene associated with
sickle cell anemia. If the SNP results in the formation of
stop codon, the protein will be truncated and might or
might not be functional. ¢SNDs that are insertions or
deletions can cause shifts in the reading frame of the
gene, resulting in a wrong amino acid sequence. Addi-
tionally, if the SNP occurs in the control region of the
gene, it could affect protein levels through effects on
transcription and/or translation.

DNA variations are important in understanding the
genetic basis for disease and individual responses to en-
vironmental factors, as well as for such normal varia-
tions in biological processes as development and aging.
Geneticists have long been preoccupied with studying
simple single-gene diseases using familial linkage meth-
ods [27,28]. However, complex, high-incidence, multi-
gene diseases are thought to require a different ap-
proach, for which SNPs can play a key role [2,12,29-32].
Researchers believe that SNTs can be used as a tool for
mapping genes in the diseases that have complex pat-
terns of inheritance such as asthma, diabetes, heart dis-
ease, schizophrenia and cancer [12,30,31]. SNPs, be-
cause they can distinguish the smallest of differences in
alleles, also provide a complementary tool to gene ex-
pression profiling with microarrays that might be blind
to such subtle differences. For SNPs to be truly useful,
however, they must be densely arrayed over the genome
in every 5,000 to 10,000 base pairs or so. For this reason,
scientists in the public and private sectors have begun
to focus their attention on methodically searching for
SNPs throughout the human genome [33-38]. The first
large-scale survey for SNPs was to identify a total of
3,241 candidate SNPs by a combination of sequencing
and high-density variation-detection DNA chips. DNA
chips used in this study were prototype genotyping
chips, arrays for studying DNA, which could be used
for identification and genotyping of mutations and
polymorphisms. A genetic map was constructed show-
ing the location of 2,227 of these SNPs [39]. Large scale
identification of ¢SNPs in the genes associated with
cardiovascular diseases revealed that the number of
cSNPs varies depending on genes, and suggested that it
might be difficult to find ¢SNPs [40,41]. Several million
SNPs exist in the human genome, and efforts, both pub-
lic and private, to generate much denser SNP maps are
ongoing. The SNP Consortium was formed in 1999 by
joining eleven major pharmaceutical companies and
four leading publicly funded genome institutes and
started a two-year project which aims to catalogue and
detect hundreds of thousands of human SNPs in differ-
ent DNA samples [37]. SNPs generated in these public
projects are freely available from dbSNT, a new database
at the NIH National Center for Biotechnology Informa-
tion. As of August 2000, approximately 804,000 SNPs
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had been deposited into public databases (http://hgbase.
cgrki.se/; http://www.ncbi.nlm.nih.gov/SNP/) com-
pared to 7,000 SNPs in April, 1999. The dense map of
SNPs can be used in genome-wide studies of cases and
controls designed to identify markers found only in one
of those two groups. These markers, in turn, provide
valuable clues to the location and identity of complex
disease genes.

Pharmacogenomics is a new field emerging from
pharmacogenetics (for a review, see [42]). Pharmacoge-
netics involves genotyping populations to identify SNPs
affecting drug metabolism. Before the HGP a relatively
small number of drug-metabolizing enzymes was known:
cytochrome P450 (CYP) isozymes, N-acetyl transferase
(NAT) isozymes, UDP-glucuronosyl transferases and
methyl transferases. For most drugs, CYP determines
how long and how much of a drug remains in the body:.
For example, polymorphisms of CYP2D6, one of the 6
CYP isozymes, dictate slow or ultra-rapid metabolizers
of antidepressants, antipsychotics, f-blockers and an-
tiarrhythmics and lead to systemic accumulation and
toxicity. With the advent of the HGP and automated
analysis that can handle up to many samples per day,
the goal of pharmacogenomics is to exploit all of the
relevant SNP variations to improve drug efficacy and
toxicity. It is not for predisposition or predictive testing
on the risk of a disease or its prognosis but is rather con-
cerned with genetic effects on drug themselves and
with the genetic variances that contribute to the vari-
able effects of drugs in different individuals. Researchers
predict that pharmacogenomic methods would reduce
clinical development times and costs, reveal new indica-
tions for existing drugs and ultimately generate person-
alized medicines. Also recent advances in genomics will
provide an opportunity to expand a range of potential
drug targets and lead to changes in the drug discovery
paradigm in the future [43].

Other Areas

As we enter the post genomic era, it becomes clear
that the really interesting aspects of biology go far be-
yond assembling genomes and finding genes. Other
challenging areas that are not discussed here are pro-
teomics and bioinformatics. Proteomics is the study of
proteins using technologies of large-scale protein sepa-
ration and identification. Current trend on proteomics
is available elsewhere [47-49]. A new field of bioinfor-
matics is blossoming [44-46], as the sequencing of the
human genome project nears its completion and the
amount of data is overwhelming. There are hundreds of
databases, of just raw sequences, of expressed sequences,
of genetic diseases, of single nucleotide polymorphisms,
of chromosomal aberrations associated with cancer, and
more. Bioinformatics is developing tools and analytical
techniques for understanding large biological data sets,
such as genome and protein sequences. New techniques
for extracting useful information through data mining
of completed genomes continue to be developed. It will
be exciting to watch the cooperation between bioin-
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formatics and biology in the coming years.

THE BENEFITS OF THE HUMAN GENOME
PROJECT

One of the most exciting prospects for genomic in-
formation is its potential influence on medicine [50,51].
It is estimated that the sequence of the human genome
should be completely mapped by approximately the
year 2003. Already, however, many new techniques de-
veloped until now during the period of this project have
provided doctors with improved genetic diagnostic and
predictive testing. The availability of extensive genetic
maps has increased the pace by which different disease
genes are localized in the human genome. The tech-
niques have also made it possible to identify susceptible
areas of the genome that may be responsible for some
disorders, such as diabetes, hypertension and certain
forms of cancer that are more complicated and are
caused by more than one genetic change. The collection
and analysis of DNA samples may, in conjunction with
epidemiological evidence, help lead to the identification
of genetic factors in some human diseases and eventu-
ally to ways to treat or prevent those diseases. The HGP
will revolutionize the practice of medicine, providing
the means to custom tailor treatments to the needs of
each patient, and to prolong healthy life by predicting
and preventing diseases.
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