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Abstract: The human genome sequence will underpin human biology and medicine in the next
century, providing a single, essential reference to all genetic information. The international pro-
gram to determine the complete DNA sequence (3,000 million bases) iswell underway. As of Jan-
uary 2000, 50% of the sequenceisavailablein the public domain. A comprehensive working draft
is expected this year, and the entire sequence is projected to be finished in 2003. DNA sequenc-
ingiscarried out on mapped, overlapping bacterial clonesof 150—-200 kb. The working draft com-
prises assembl ed unfinished sequence and isreleased immediately in the public domain. The draft
sequence of each clone is then completed, by closing any remaining gaps and resolving any am-
biguities, before the entire sequence is checked, annotated, and submitted to the public databases.
The sequence of each cloneisfinished to an accuracy of >99.99%. The availability of areference
sequence of the genome provides the basis for studying the nature of sequence variation, particu-
larly single nucleatide polymorphisms (SNPs), in human populations. SNP typing is a powerful
tool for genetic analysis, and will enable us to uncover the association of loci at specific sitesin
the genome with many disease traits. SNPs occur at a frequency of ~1 SNP/kb throughout the
genome when the sequence of any two individual sis compared. Programsto detect and map SNPs
in the human genome are underway with the aim of establishing a SNP map of the genome dur-
ing the next two years. The human genome sequence will provide acompl ete description of all the
genes. Annotation of the sequence with the gene structures is achieved by a combination of com-
putational analysis (predictive and homol ogy-based) and experimental confirmation by cDNA se-
quencing. Detecting homologies between newly defined gene products and proteins of known
function helpsto postul ate biochemical functionsfor them, which can then be tested. Establishing
the association of specific genes with disease phenotypes by mutation screening, particularly for
monogenic disorders, provides further assistance in defining the functions of some gene products,
aswell as helping to establish the cause of the disease. As our knowledge of gene sequences and
sequence variation in populationsincreases, we will pinpoint more and more of the genesand pro-
teinsthat are important in common, complex diseases. A more detailed understanding of the func-
tion of the human genome will be achieved aswe identify sequencesthat control gene expression.
Given the availability of gene sequences, the expression status of genes in particular tissues can
bemonitoredin parallel. By comparing corresponding genomic sequencesin different species (for
example: man, mouse, chicken, and zebrafish), regions that have been highly conserved during
evolution can be identified, many of which reflect conserved functions such as gene regulation.
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These approaches promiseto greatly accel erate our interpretation of the human genome sequence.
© 2000 John Wiley & Sons, Inc. Med Res Rey, 20, No. 3, 189-196, 2000
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1. INTERNATIONAL HUMAN GENOME PROJECT

Thegoal of the International Human Genome Project isto decode the entire 3,000 million bases (Mb)
of DNA seguence, and to interpret the information stored within it in order to provide a new founda
tion for understanding human genetics and biology. To obtain the most value from this endeavor, it is
important to make the complete sequence freely available in the public domain.t Interpretation will
also be considerably enhanced by comparing the human genome segquence with the complete genome
sequences of other organisms as they become available. For example, the 15 Mb genome sequence of
baker’s yeast (Saccharomyces cerevisiae) was completed in 1996, and contains all the genesthat en-
code this example of afunctional eukaryatic cell; the 97 Mb genome sequence of the free-living soil
nematode worm, Caenorhabditis elegans, was completed in 1998° and is the first multicellular ani-
mal for which a complete gene set is available. Finding matches between genes in these organisms
and human DNA sequence is already proving invaluable in human gene classification.

The pioneering work that led to completion of these model genomes provided many important
technical insightsin genome analysisthat have since been applied to the human genome. A common
strategy was devel oped in which the entire genomic DNA of the organism was broken into random
fragments and cloned into bacteria (using vectors such as bacteriophage lambda, 15—-20 kb; or cos-
mids, 30—45 kb). For bigger genomes, larger fragments (0.1-1.5 Mb) were a so cloned directly into
yeast as yeast artificial chromosomes.# A physical map of the cloned fragments was then construct-
ed, in which the clones were arranged in overlapping sets to form a continuum of clones, or contig.
Minimally overlapping clones were chosen for determination of the complete DNA sequence repre-
senting the region. It is a tribute to the success of this strategy that the clone map of the 97Mb ne-
matode has only two remaining interna gaps.

Anearly milestoneintackling the much larger human genome wasthe construction of agenome-
wide genetic map. Polymorphic sequences composed of variable numbers of the dinucleotide repeat
CA (microsatellites) were used as genetic markers to establish a linkage map. 2,000 of the 6,000
markers typed were ordered at high odds (>1000:1), thus providing the first framework of unique
landmarks across the genome.® The use of overlapping yeast artificial chromosomes, and, later, ra-
diation hybrid (RH) mapping® resulted in construction of maps of much higher densities of land-
marks for each of the human chromosomes (e.g., Refs. 7-9). A feature of these maps was that all
genes, genetic markers, and other unique markers were integrated on a single scale. An important
product of this stage of the project was a comprehensive gene map,° constructed by RH mapping
using 30,181 gene-based markers derived from expressed sequence tags (ESTS), which had been
clustered into nonredundant sets, or Unigenes (Ref. 11; see www.nchi.nlm.nih.gov/UniGene).

The strategy for constructing maps of overlapping bacterial clones for sequencing is to screen
large insert (150—200 kb) P1, or bacterial artificial chromosome libraries using the available land-
marksfrom the detailed chromosome framework maps (described in detail in Ref. 12). Pairwise com-
parison of restriction fingerprintsisalso used to determine the degree of overlap between clonesand,
thus, to aid in the assembly of the bacterial clone map. Contigs are extended and joined by walking,
using new landmarks generated from a sequence derived from the end of a cloned insert, where re-
quired. Additional mapping information on the order, orientation, and gap size between contigs can
be established using clones as probes in fluorescent in situ hybridization (FISH) analysis of inter-
phase nuclei or extended DNA fibers (described in Ref. 13; see figure 1 and also front cover illus-
tration of fiber FISH analysis of overlapping chromosome 22 clones).
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Figure 1. Fiber FISH analysis of overlapping clones on chromosome 22. A minimally overlapping set of bac-
terial clones (in this case cosmids) have been selected from the physical map for sequencing. Alternate clones
were labeled to fluoresce either red or green, mixed and hybridized to extended fibers of human DNA. Over-
laps between clones are apparent as indicated by the yellow signals (reproduced with permission from N.
Carter)

Determination of the DNA sequence itself is carried out on each selected 150—200 kb bacterial
clone. In aninitia “shotgun” phase, 2—3,000 sequence reads are determined at random and assem-
bled automatically, and the assembled unfinished sequence is released in the public domain. Thisis
followed by adirected “finishing” phase in which all gaps are closed, ambiguities are resolved, and
the entire sequenceis checked before submission to the public databases (see Ref. 12 and references
therein). The sequence of each cloneisfinished to an accuracy of >99.99%, leaving no gaps. As of
January 2000, there is over 1,500 Mb of human DNA sequence available, of which 480 Mb is fin-
ished (see www.nchi.nlm.nih.gov; and Genome MOT at www.ebi.ac.uk).

The release of the human genome sequence in mapped segments of 100—200 kb means that all
other genetic information can be immediately integrated into the map using the public sequence as
areference. Thisincludes al the isolated gene fragments (ESTs, cDNAS) and polymorphic markers
(microsatellites), and also al genomic sequence that is released in the public domain as a result of
other large-scale genome sequencing efforts, notably whole-genome shotgun sequencing.' It is a
unifying feature of DNA sequence itself that all efforts that become publicly available can be com-
bined to provide the best possible picture of the human genome for posterity.

2. SINGLE NUCLEOTIDE POLYMORPHISMS

Single nucleotide polymorphisms (SNPs) will provide the genetic markers for the next erain hu-
man genetics. Particular advantages of using SNPs over other types of genetic markersinclude the
relative ease of automating SNP typing assays for cheap, robust, large-scale genotyping, and the
abundance of SNPs throughout the genome. Comparison of the DNA sequence between two indi-
vidualsreveals, on average, one nucleotide difference every 1,000 bases.® Thisfrequency increases
as more samples are included in the comparison.16-17 The mgjority of changes are single base sub-
stitutions, termed single nucleotide polymorphisms (SNPs), although deletions and insertions of
one or more bases are al so observed. Heritable sequence variations arise as aresult of acopying er-
ror, or damage and misrepair of DNA that results in ateration of the genomic sequence in germ
cells. As aresult, the changes are then passed on in subsequent generations, and the two or more
aternatives at a particular position, or locus, become established in the population. Further diver-
sity arises as a result of recombination between homologous segments of chromosomes during
meiosis.'®

A number of experimental approaches have been used to detect SNPs. As the genome sequence
is determined from overlapping BACs or PACs, sequence differences can be detected directly by
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comparison of the two genomic sequences in the region of overlap whenever the two overlapping
clones originate from different genotypes.'> Methods used to target SNP discovery in specific re-
gions (for example, in genes of interest) include direct sequencing of PCR-amplified segments of the
genome from multiple individuals, and sequence differences are detected directly by analysis of the
sequence output.16:17:19 Alternative techniques have also been used to scan selected sequences for
variations, such as denaturing high-pressure liquid chromatography (dHPLC), single-stranded con-
formational polymorphism, and sequencing by hybridization to oligonucleotides attached to a solid
phase (i.e., microarrays or gene chips).

In contrast to the targeted approaches, random strategies are aimed at accumul ating alarge num-
ber of SNPs randomly distributed throughout the genome. Large-scale “shotgun” sequencing (i.e.,
of clones picked at random) of libraries of either individual chromosomes, or from total genomic
DNA, can be used to obtain sequence from one or more individuals. The resulting sequences are
aligned to the available human genome reference sequence, and high-confidence sequence differ-
ences are recorded as candidate SNPs. This approach has been tested in a pilot study using alibrary
made from flow-sorted chromosome 22 DNA, and results in the detection of SNPs at afrequency of
1SNP/850 bases (Mullikin et al., unpublished results). A further modification of this strategy in-
volves shotgun sequencing of alibrary made from a specific size fraction of gel-purified restriction
fragments derived from a mixture of unrelated genomic DNA samples. Limiting the shotgun se-
guencing to asmall, defined subset of genomic fragments results in sequence sampling of areduced
representation, or subset, of the genome. As the sequencing proceeds, multiple examples of each
fragment are sampled, and can be aligned to each other. Because the starting DNA for the library is
derived from a mixture of different individual genotypes, the aligned reads represent sequences of
different genetic origin, and differences between them (including SNPs) can be detected. This ap-
proach, termed the reduced representation shotgun (RRS) strategy, does not require the reference hu-
man genome sequence in order to detect candidate SNPs. The RRS strategy has been adopted as the
initial approach to identify SNPs by arecently formed consortium of pharmaceutical companies, the
Wellcome Trust and international genome centers [The SNP Consortium (TSC); see http://snp.
cshl.org].

As aresult of the combined efforts aready in progress in the public domain, it is likely that
>400,000 candidate SNPs will be identified within the next two years (the stated goals of the TSC
and the NIH-funded programsto date areto identify 300,000 and 100,000 SNPs, respectively). SNPs
are being deposited in public databases, notably dbSNP (at www.nchi.nlm.nih.gov), which contains
over 26,000 SNPs as of January 2000.

SNPs will provide a powerful tool for genetic analysis, enabling us to uncover the association
of loci at specific sites in the genome with many disease traits (see Ref. 20 for review of analysis of
complex disease traits). DNA sample collections, selected for a particular phenotypic attribute such
astype | diabetes, hypercholesterolaemia, or many other common and complex conditions, can be
typed with a genome-wide set of SNPsto detect an association between aregion of the genome (de-
fined by one or more of the SNPs) and the condition under study. Thereafter, the genesin the region
can be investigated further, initially by searching for sequence variants within each gene. This may
enable identification of the gene product that is directly involved, which in turn may be a new target
for therapeutic intervention.

SNP typing will also be of great use in identifying functional variation in the response of indi-
viduals to different drugs, and this area of pharmacogenomics promises to revolutionize the preci-
sion in predicting side-effects that are specific to the genetic make-up of each individual .2 Thiswill
open up the way to tailor the prescription of existing drugs to the individual, as well as driving the
development of new drugs.

A variety of assay systems are currently under development, which promise to make high-
throughput genotyping a reality in the next few years, although none has yet been employed on a
large scale. Foremost examples include the use of synthetic oligonucleotide microarrays, which are
hybridized to labeled amplified DNA from an individual .22 The presence of different alleles of each
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SNP is detected by measuring the intensity of fluorescence bound at each allele-specific oligonu-
cleotide. To date, chips containing assays for up to 2,000 SNPs have been developed (www.
affymetrix.com). Other assays in use include single base primer extension (*minisequencing”) ei-
ther on gel's or microarrays,?® mass spectroscopy on tagged beads, and solution assaysin which al-
lele-specific oligonucl eotides are cleaved or joined at the position of the SNP allele, resulting in ac-
tivation of afluorescent reporter system. Examples of the latter include the oligonucleotide ligation
assay, the Tagman and others (reviewed in Ref. 24); and this list is by no means exhaustive.

3. GENE ANNOTATION

The human genome sequence will ultimately provide acomplete description of all the genes. Anno-
tation of the gene structuresis achieved by a combination of computational analysis (predictive and
homol ogy-based) and experimental confirmation by partial cDNA sequencing. Initially, the finished
sequence of each cloneismasked to exclude known repeats, and then searched for matcheswith gene
or protein sequence in the public databases using BLAST.?® In parallel, the unmasked sequence is
analyzed by prediction programs (e.g., Genscan,?® Fgenes,?” and othersreviewed in Ref. 28) toiden-
tify candidate exons, and other features such as potential CpG islands,2® which may indicate the pres-
ence of agene. The results of the analyses are combined and displayed in a database. Following vi-
sual inspection, aconservative set of gene featuresis selected. Further experimental analysisisthen
carried out to confirm and extend the results as follows. Primers are designed to the selected gene
features and tested for their ability to amplify the corresponding segments from cDNA libraries for
sequencing. Alignment of the cDNA sequence to the genomic sequence results in definition of the
gene structure, including intron-exon boundaries. Further extension of the annotation at the 5" and
3’ ends, if necessary, can be done using further rounds of cDNA library screening,3° and also using
5 or 3' RACE (random cDNA extension),3 which involves primer extension on cDNA synthesized
directly from cellular RNA. The extension products are sequenced and the data is incorporated into
the annotated gene structure. The resulting annotated sequence is submitted to the public databases.

4. GENES, DISEASE, AND PROTEIN FUNCTION

Establishing the association of a specific gene (in a mutated form) with a disease phenotype assists
in defining the function of the gene product, and also provides us with an understanding of the bio-
chemical basis of the disease. Most disease-gene associ ations described to date have been for mono-
genic disorders, where identification of the causative gene involves a search based on knowledge of
the biological function of the gene product, or by positional cloning (reviewed in Ref. 32). Inthe lat-
ter approach, the position of a disease locus is initially defined by establishing linkage of the phe-
notype to particular genetic markers, or by detection of a cytogenetic rearrangement, which is asso-
ciated with the disease. Candidate genes within the critical region are then identified. The DNA of
patients that exhibit the disease phenotype is screened for the presence of mutations within suitable
candidate genes. The presence of mutations that alter the expression or function of the gene product
in amanner which is consistent with the disease phenotype provides conclusive evidence of the as-
sociation between the disease and the causative gene.

Notable examples of disease genes discovered by positional cloning include cystic fibrosis,
Duchenne muscular dystrophy,33 Bruton's disease,3* and many others (reviewed in Ref. 35). Posi-
tional cloning projects are increasingly making use of genomic sequence analysis (as described
above) to provide knowledge of the candidate genes. A recent example is the identification of the
gene involved in X-linked lymphoproliferative disease (XLP), a disease that manifests as a severe
immune deficiency in young boys, which is elicited by exposure to Epstein—Barr virus. The XLP
genewaslocalized to within a3 Mb critical region on thelong arm of the X-chromosome, on the ba-
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sisthat this region was deleted in one patient, who was, therefore, presumed to be missing the XLP
gene. An extensive search within the annotated genomic sequence of the region revealed two candi-
date genesthat were located within the del etion, one of which (the SH2D 1A gene) was found to con-
tain mutations in multiple independent XL P patients.3¢

Genomic sequence information can a so help to elucidate the function of a gene product. The se-
guence of the SH2D 1A gene product exhibited a high degree of homology with the peptide sequence
of the SH2 (src-homology type 2) domainsfirst discovered in the transforming src gene of Rous sar-
comavirus. SH2 domains have since been found in many protein kinases that participate in cell sig-
naling pathways.3” In contrast to most proteins that contain SH2 domains, the SH2D 1A gene product
appearsto contain no catalytic domain. Direct biochemical studiesled to the discovery that SH2D1A
interacts with the intracellular domain of the signal lymphocyte activating molecule (SLAM), appar-
ently competing with the binding of another SH2 domain protein SHP2.38 The SLAM-SHP2 pathway
isinvolved in signaling between B and T cells. The putative function of SH2D1A is, therefore, to
down-regulate the immune response to EBV infection by competitive inhibition of the SHP2-SLAM
signaling pathway. The absence of SH2D1A activity in XLP patients results in failure to down-regu-
late the lymphoproliferative response, causing the observed phenotype.

5. COMPARATIVE SEQUENCING
AND REGULATORY SEQUENCES

Comparison of genomic sequences among different species can be used to identify sequences that
have been conserved during evolution. Striking similaritiesare found in protein coding regions, even
of genomes that are extremely divergent (for example, 37% of proteins in budding yeast share ho-
mologues in man; see Ref. 3). Comparisons between genome sequences that are more closely relat-
ed (i.e., those that have diverged more recently in evolution) indicate similarities not only in protein
coding sequences, but also marked similaritiesin flanking regions, which are important in other con-
served functions such as transcriptional regulation. Thisisillustrated in a recent example of com-
parative sequencing of the stem-cell leukemia (SCL-1) gene, which encodes a helix-loop-helix tran-
scription factor that isthe earliest known regulator in haematopoiesis. Alignment of human, mouse,
chicken, and puffer fish SCL-1 gene sequences resulted in identification of arange of conserved el-
ements in the 5’ flanking region and within introns.3° In particular, the alignment of human and
chicken gene sequences provided precise definition of regulatory sequence motifs in the promoter
region, whereas the human and mouse sequences were too similar to highlight specific motifs. This
study illustrates two important points. First, comparison of genome sequences will greatly acceler-
ate the process of identifying biologically important sequence motifs as well as protein coding se-
guences. Second, multiple genome sequences (of species with different degrees of evolutionary di-
vergence) will al contribute important information— a simple comparison of man and mouse alone
will not be enough.

6. WHAT WILL THE GENOME DELIVER?

We are on the verge of arevolution in biology. The first draft of the human genome sequence will
become available during 2000, and the reference version is scheduled for completion to a high de-
gree of accuracy by 2003. The complete sequence of the human genome will draw together all the
available genetic information, which will be positioned on a single metric to an accuracy of asingle
base pair. The human sequence should not be viewed in isolation. A growing number of whole
genome sequences of other organisms will help us to obtain detailed, accurate annotation of theim-
portant biological sequenceinformation that is stored within every genome. Wewill accrue complete
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gene sets, and also gain afull picture of the nature and diversity of proteins. It will be possible to un-
derstand how specific sequences regulate the expression of genes in the genome. Most important,
genome sequences will provide the foundation for a new era of experimental and computational bi-
ology, providing the essential resources for future study.
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