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THE HUMAN GENOME PROJECT AND ITS
IMPACT ON THE STUDY OF HUMAN DISEASE

. For many human diseases, the fundamental defect resides in a
simple alteration in the genome—the master “blueprint” of
DNA that orchestrates the basic operation of a cell and an
organism. Genetic studies often provide the ability to define
at a molecular level the nature of such DNA alterations (i.e.,
mutations). Knowledge of the normal and abnormal forms of
genes is invaluable for understanding the basis of many human
genetic diseases.

. The haploid human genome consists of ~3 billion base pairs
(bp) of DNA that are distributed among 24 distinct
chromosomes (22 autosomes and 2 sex chromosomes). Within
this vast array of nucleotides are encoded an estimated 50,000
to 100,000 genes and the necessary elements that control the
regulation of their expression.

. Analyzing a genome involves the construction of various types
of maps that reflect different features of the DNA, with the
major classes being cytogenetic maps, genetic maps, and
physical maps. The highest-resolution physical map is the DNA
sequence map, which reflects the precise order of nucleotides
along a chromosome. Important technologic advances have
produced a number of powerful methods that greatly facilitate
the ability to analyze genomes.

. The Human Genome Project (HGP) is a large, coordinated
effort to elucidate the genetic architecture of the human genome
and, in parallel, that of several model organisms. The initial
phase of this endeavor has mostly involved constructing
relatively low-resolution genomic maps and refining the
approaches for large-scale DNA sequencing. The next phase
of the HGP will focus more on establishing the complete
nucleotide sequence of the human and other genomes as well
as beginning to decipher the encoded information in a
systematic fashion.

. The products of the HGP are providing a detailed working
knowledge about the organization of human DNA and that
of several model organisms as well as an infrastructure (in the
form of biological, informational, and technological tools) that
is already ushering in a spectacular new era of biomedical
inquiry. From a clinical viewpoint, this infrastructure is
facilitating the identification and characterization of genes that
directly and indirectly lead to human disease, which in turn
should ultimately improve the ability to diagnose and treat
affected individuals.

GENETICS AS A PARADIGM
FOR STUDYING HUMAN BIOLOGY
AND DISEASE

Diseases are associated with alterations of normal biological
processes and can be caused by infectious agents, environmental
influences, genetic anomalies, or combinations of these factors.
Human disease is classically studied by comparing affected tissues
with their unaffected counterparts. Such studies often reveal
biochemical and physiological differences, and this information
can, in some cases, be used to formulate appropriate therapies.
While this approach has led to the development of a successful
treatment for many diseases, it frequently fails to identify the
fundamental etiology of the disorder itself. Indeed, the differences
encountered in affected tissues are often due to secondary effects
rather than consequences of the primary defect. However, in cases
where DNA sequence alterations (i.e., mutations) are responsible
for the disease, it is possible to identify the fundamental defect by
a completely different route, one that uses genetics. Studying
diseases by a genetic approach takes advantage of the fact that all
humans have an almost identical “DNA blueprint.” Alterations
at one or a few positions in the DNA sequence itself are often
necessary and sufficient to cause the symptoms of a genetic disease.
The identification of such causative mutations provides an
opportunity to study and understand the basic biological defect
responsible for that disease.

In humans, genetic studies often start by identifying traits,
usually diseases, that appear to cluster in families. Of course, not
all diseases that appear multiple times in the same family are
genetic in origin, and possible contributions from nongenetic
factors must also be considered. In the case of genetic disorders,
the challenge is to identify what is often a single-base-pair
alteration among the ~3 billion base pairs (bp) in the haploid
human genome. Causative mutations for only a few of the
thousands of human genetic diseases have been identified by the
use of hints from biochemical or physiological differences between
affected and unaffected individuals. Because this approach is
difficult to apply to most genetic diseases, an alternative strategy,
called “positional cloning,” has been developed that allows the
identification of a disease gene without relying on knowledge or
suppositions about the encoded protein.!* Rather, in this strategy,
the disease gene is identified on the basis of its location in the
genome (see Background on Positional Cloning below).

A positional cloning strategy has been used to
isolate the causative genes for numerous genetic diseases



(see http://genome.nhgri.nih.gov/clone), including relatively
common ones such as cystic fibrosis,”!° Huntington disease,'' and
hereditary hemochromatosis.'? To date, however, the strategy has
been mostly applied to those diseases caused by defects in a single
gene. Many common disorders (e.g., cardiovascular, autoimmune,
psychiatric) have a genetic etiology, but their inheritance is
genetically complex, such that mutations in more than one gene
are likely required to produce the phenotype.'3'7 In these cases,
the responsible genes are difficult to identify by traditional
positional cloning for two reasons. First, the strategy must be
successfully implemented for the identification of multiple genes.
Second, these diseases are complicated by the frequent absence of
a strict correlation between genotype and phenotype; instead, an
interplay between genetic and environmental factors is typically
encountered. Nonetheless, there is increasing optimism that new
technologies can be applied in conjunction with increasingly
powerful statistical tools to elucidate the genetic bases of complex
diseases!*".

All of the steps involved in the isolation of human disease
genes are labor-intensive and require the marshaling of extensive
resources and specialized skills. A central rationale for the Human
Genome Project (HGP)—an intense, international effort to clone,
map, and sequence all of the DNA in the human genome—is to
simplify the task of identifying human disease genes. This chapter
provides an overview of how the information and reagents being
generated by the HGP and related efforts are being used to advance
our understanding of genetic disease and human biology. Because
it is important to be aware of some basic concepts and the language
of geneticists and genomicists, the chapter begins with some
background on DNA structure and function, the general
“anatomy” of the human genome, and information about genes
and other relevant sequences. A major emphasis of the chapter is
to describe the experimental approaches that are being used to
generate maps, to determine DNA sequence, and to identify genes.
Also discussed is the strategic plan for the HGP and how this
carefully crafted endeavor is affecting the study of genetic diseases
and other biological problems. An overview of the important role
of studying the genomes of model organisms is also provided.
Finally, the potential impact of the HGP on the diagnosis and
treatment of genetic disease is outlined, and the important ethical,
legal, and social issues that are coming to the forefront as a
consequence of the HGP are highlighted.

STRUCTURE AND ORGANIZATION
OF THE HUMAN GENOME

DNA BAsics

DNA is a macromolecule composed of a linear array of
deoxyribonucleotides, each of which consists of three components:
a nitrogenous base, a sugar (deoxyribose), and phosphate. Each
base is linked to adjacent bases on the same strand by the sugar
and phosphate groups. The bases in DNA are either purines
[adenine (A) and guanine (G)] or pyrimidines [cytosine (C) and
thymine (T)], and together these nucleotides constitute the “four-
letter alphabet” of DNA that is universal among organisms. In
the Watson-Crick helical structure of double-stranded DNA, first
reported in 1953, pairing occurs between a purine base on one
strand and a pyrimidine base on the opposite strand (i.e., G pairs
with C, A pairs with T), thereby making each strand
complementary to the other. It is the order of these bases that

encodes the genetic information contained within DNA. Physical
lengths of DNA are frequently discussed as individual base pairs
(bp), thousands of base pairs (kilobase pairs, or kb), or millions
of base pairs (megabase pairs, or Mb). An excellent source of
background information on DNA biochemistry and recombinant
DNA technology is Recombinant DNA by Watson et al.?®

GENERAL STRUCTURE OF THE HUMAN GENOME

The human genome contains ~3,000 Mb of DNA?° (Fig. 10-1)
divided among 22 autosomes and 2 sex chromosomes (X and Y),
which range in size from ~50 to ~260 Mb,?*?! as well as the DNA
present in mitochondria. Human somatic cells are typically diploid
(containing 22 pairs of autosomes and 1 pair of sex chromosomes),
whereas germ cells (i.e., sperm and egg) are haploid (containing a
single copy of each autosome and one sex chromosome). The
physical length of the DNA contained in each human cell is
remarkably large, theoretically stretching out for about 1 meter
if fully “unpacked” from the associated proteins. The amount of
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Fig. 10-1 Relative sizes of genomes, chromosomes, and cloned DNA segments.
In panel A, the estimated total sizes of the indicated DNA sources are indicated,
along with corresponding schematic representations using books that contain
the written DNA sequence. Each book represents ~50,000,000 bp of DNA
sequence. In panel B, the total cloning capacities of a YAC, a BAC, a cosmid,
and a bacteriophage clone are indicated, along with corresponding schematic
representations using pages of books that contain the written DNA sequence.
Each page represents ~50,000 bp of DNA sequence, which is roughly 16-times
the number of characters on a typical page of this book. (Adapted from Green
and Waterston.*%)
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encoded information within the human genome is even more
daunting. In fact, a listing of the nucleotide sequence of the ~3,000
Mb in single-letter symbols (G, A, T, C) would fill ~13 sets of the
Encyclopaedia Britannica,”* ~750 megabytes of computer disk
space, or roughly 1 CD-ROM.*

SUBCHROMOSOMAL ORGANIZATION OF HUMAN DNA

Structural components of chromosomes. Human chromosomes
are highly organized structures. At the ends of each chromosome
are telomeres, which contain sequences thought to stabilize the
chromosome, prevent fusion with other DNA, and permit DNA
replication without loss of chromosomal material.?#?* The DNA
within a telomere consists of highly reiterated, simple sequence
repeats, with the predominant motif in human telomeres being
S'TTAGGG3’.2¢ Various human telomeres have been isolated in
cloned form,*% allowing more precise dissection of their
molecular features and corresponding function. Each chromosome
also contains a single centromere, defined functionally by the
attachment site of the spindle apparatus during mitosis.?*3* Human
centromeres contain large blocks of repetitive DNA, called
“alphoid DNA,”3%37 which, together with other sequences, span
for several megabases. As with telomeres, the cloning and
characterization of human centromeric DNA should provide
greater insight about the role of specific repetitive sequences in
chromosome structure and function.

Interspersed repetitive DNA sequences. In contrast to the large
and extended blocks of repetitive DNA present in human telomeres
and centromeres, most of the remaining regions of human
chromosomes contain repetitive sequences that are interspersed
among unique segments of DNA.3*% The two major classes of
interspersed repetitive DNA in the human genome are the short
interspersed nucleotide element (SINE) and the long interspersed
nucleotide element (LINE). The major SINE is the Alu sequence,
an ~300-bp segment that is estimated to be present, on average,
every 3 to 10 kb (occurring upwards of 10° times in the human
genome). The major LINE is the L1 sequence, a segment that
spans up to 6.4 kb in length. Often, only a portion of an L1
sequence is present at a particular site, with an estimated 10* to
10° L1 copies (complete or partial) present in the human genome.
Together, Alu and L1 sequences are thought to account for 10 to
25% of human DNA. In general, copies of the same repeat (Alu
or L1) present at different sites in the genome are very similar
(but typically not identical) in sequence. However, prototypic
consensus sequences have been established for the most common
human repetitive elements,* thereby allowing their identification
within stretches of human DNA sequence.

Coding versus noncoding DNA. Within the human genome are
an estimated 50,000 to 100,000 genes, which can be as small as
100 bp (e.g., the tRNA™ gene) to over 2.3 Mb (e.g., the dystrophin
gene) in length. However, most human genes are thought to span
between 1 and 200 kb of genomic DNA. The amino-acid-encoding
portions of genes (i.e., coding DNA) represent a small component
of the human genome. In fact, some estimates predict that less
than 10% of human DNA reflects coding sequences and their
regulatory elements;***> however, a more meaningful assessment
of this number awaits more detailed analysis. The remaining
noncoding DNA in the human genome consists of repetitive DNA
and other sequences whose importance is not completely
understood and undoubtedly not fully appreciated.

Gene structure. Human genes (also called “transcription units”)
are complex structures containing several major components.
Exons are the segments of DNA in a gene that include the
sequences encoding amino acids. Between adjacent exons of a
gene are intervening sequences known as introns, which in some
cases extend for hundreds of kilobase pairs. Following generation
of the corresponding messenger RNA (mRNA) from a gene by
transcription, the introns are removed from the mRNA in a series
of steps known as splicing. The processed mRNA is then used to
direct the sequential and precise addition of amino acids to yield
a specific polypeptide chain by a process known as translation.
Because different mRNAs can be produced from the same gene
by alternate splicing of the primary transcript, there are a larger
number of gene products than there are genes—adding to the
complex and combinatorial nature of the genome. Interestingly,
some introns have been found to contain whole, smaller genes
transcribed from the opposite DNA strand.*** Also associated
with genes are adjacent regulatory sequences (including promoters,
enhancers, inhibitory sequences, and others) that interact with
cellular proteins and other components to determine when, where,
and to what level transcription (i.e., gene expression) occurs.

CpG islands. The dinucleotide CpG (i.e., 5'CG3’) is relatively
underrepresented in the human genome, for example, in contrast
to the dinucleotide GpC. Among the various enzymes that cleave
DNA at precise sequences (called “restriction enzymes”) is a class
that cuts relatively infrequently within the human genome (called
“rare cutters”), most of which contain a CpG dinucleotide within
their recognition sequence. Many such rare-cutting restriction
enzymes will not cleave the DNA if the nucleotides within the
recognition sequence have been modified by the addition of a
methyl group (i.e., if they are methylated). Interestingly, at the 5’
end of many human genes are DNA segments that contain an
overabundance of unmethylated CpG dinucleotides.* These
genomic regions are called “CpG islands” (or “HTF islands” for
“Hpall tiny fragments,” since numerous small DNA fragments
are produced from such segments by digestion with the restriction
enzyme Hpall). Thus, methylation-sensitive, rare-cutting
restriction enzymes can be used to identify undermethylated CpG
islands that essentially “mark” the 5" ends of many (but not all)
genes. 47

Distribution of genes, CpG islands, and repetitive DNA. The
distribution of genes, CpG islands, and interspersed repetitive
sequences is not uniform across the human genome. Rather, several
interesting patterns are evident that provide some insight about
chromosomal organization.**-! Chromosome preparations can
be stained with various agents and examined microscopically; for
example, revealing the presence of lighter- and darker-staining
regions (or bands) after Giemsa staining (see Cytogenetic Maps
below). There is evidence that Giemsa-negative (light) bands tend
to contain a greater proportion of housekeeping and tissue-specific
genes, CpG islands, DNA sequence with a higher GC content,
and SINEs. In contrast, Giemsa-positive (dark) bands tend to
contain fewer genes and CpG islands, consist of DNA sequence
with a lower GC content, and have more LINEs. Another level of
chromosomal organization is the presence of DNA blocks that
span over 300 kb in length with relatively homogeneous GC
compositions (called “isochores”). Interestingly, the composition
of genes among different isochores is not uniform, with the highest
gene content being associated with the GC-richest isochores.’?
Furthermore, there is evidence that many of the gene-richest
isochores are located near the ends of human chromosomes (in
the subtelomeric regions).3-%
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CRITICAL TECHNOLOGIES FOR
GENOME ANALYSIS

Central to the HGP has been the development of a number of
technologies that are critical for analyzing genomes. A basic
understanding of these methods and approaches is necessary to
comprehend the experimental bases of most genome mapping and
sequencing efforts. Virtually all of the techniques described below
represent standard tools in the armamentarium of investigators
performing genome research as well as those searching for and
characterizing human disease genes. An excellent source of
information on the technologies and experimental methods
intrinsic to the study of genomes is the four-volume series Genome
Analysis: A Laboratory Manual.>’

BASIC RECOMBINANT DNA TECHNIQUES

The isolation and characterization of DNA involve the utilization
of a fundamental set of techniques that have been refined over
the past two decades.’®*® Most often, the source DNA (e.g., human
DNA) is purified and fragmented to yield more manageable-sized
pieces. The tools most often used for the latter step are restriction
enzymes, each of which cuts double-stranded DNA at a defined
sequence of nucleotides. The size of the recognition sequence varies
among restriction enzymes (typically from 4 to 8 nucleotides),
with those requiring a fewer number of nucleotides cutting more
often than those requiring a greater number (the latter being the
rare cutters described in CpG Islands above). Often, it is necessary
to reproduce one or more of the resulting DNA fragments, thereby
obtaining sufficient quantities for detailed studies. One way this
can be done is by “cloning,” whereby foreign DNA is inserted
into a rapidly growing organism that is essentially “tricked” into
synthesizing the incorporated DNA along with its own. Another
way DNA can be reproduced is by the polymerase chain reaction
(PCR).

POLYMERASE CHAIN REACTION

Few (if any) experimental techniques have had as dramatic an
impact on biomedical research as PCR."¢ In the simplest view,
PCR involves the in vitro enzymatic synthesis of large amounts of
a specific DNA segment. The target DNA is defined by two short
(typically 18 to 25 bases each), single-stranded oligonucleotides
(primers) that anneal to complementary sequences on opposite
strands of the template DNA and initiate (i.e., prime) synthesis
back towards one another. The synthesized DNA thus consists of
the two oligonucleotides and the sequence between them.
Following DNA synthesis, the sample is heated (to greater than
90°C), causing the double-stranded DNA molecules to denature
and become single-stranded. Upon cooling, unused
oligonucleotides (which are present in excess) anneal to available
target DNA molecules, and DNA synthesis is once again allowed
to proceed.

The standard cycle (DNA synthesis, denaturation, primer
annealing) is repeated 25 to 40 times, with the products of each
cycle serving as templates during subsequent cycles. This results
in the exponential accumulation (or amplification) of the target
DNA sequence defined by the two flanking primers, with the
production of as many as a million copies of the target DNA
molecule. The size of the DNA segment that can be amplified is
typically between 60 and 4000 bp, although segments as large as
10 to 30 kb can be amplified under special conditions. It is

important to stress that the critical aspect of PCR is the specificity
of the oligonucleotide primers. The ability to amplify a particular
DNA sequence often depends on designing an appropriate pair
of primers that will uniquely and faithfully anneal to the target
DNA under the proper conditions, even when present in a complex
mixture such as total genomic DNA.

Like other areas of molecular biology, several important
advances have catalyzed the explosive growth of PCR in genome
research.®® These include: (1) the generation of improved
thermostable DNA polymerases® and PCR-enhancing reagents;
(2) the design of more sophisticated instrumentation that improves
the efficiency with which PCR assays can be subjected to thermal
cycling; and (3) the development of more robust and automated
methods for chemically synthesizing large numbers of
oligonucleotide primers,®-¢ which in turn has dramatically
reduced the cost of synthesizing PCR primers. Together, these and
other advances have catapulted PCR to become one of the most
widely used experimental methods in research today, including
for a wide array of tasks inherent to the study of genomes.® As a
result, the HGP has benefited tremendously from the use of PCR;
ironically, PCR was not yet invented®*? when the initial proposals
and earliest plans for the HGP were first discussed.®”-% In
retrospect, the thought of embarking on the HGP without PCR is
terrifying.

DNA CLONING SYSTEMS

Standard bacterial cloning systems. Traditional DNA cloning
systems are based in prokaryotic cells, typically the bacterium
Escherichia coli. For example, plasmids are extrachromosomal
DNA molecules that can be engineered to contain relatively small
(most often less than 10-kb) pieces of exogenous DNA.*® A
modified form of plasmids, called “cosmids,” can accommodate
cloned DNA segments upwards of 40 to 45 kb in size’®” (Fig.
10-1). Bacteriophages are viruses that infect bacteria, and certain
types, such as phage lambda, can be modified to carry up to 25
kb of foreign DNA in cloned form*® (Fig. 10-1). Because of their
capacity for "intermediate" amounts of cloned DNA, cosmid (and
to some extent bacteriophage) clones have played important roles
in some aspects of genome mapping. For example, strategies for
utilizing cosmids to isolate and map large segments of human
DNA have been developed;”'7*however, these efforts have rarely
resulted in contiguous cloned coverage extending much beyond
300 to 500 kb. Nonetheless, cosmid and bacteriophage clones
serve a valuable supplementary role in the study of human DNA
and the isolation of genes of interest.

Yeast artificial chromosomes. The yeast artificial chromosome
(YAC) cloning system was developed in 198775 and provides the
ability to isolate DNA segments that are significantly larger than
those cloned in traditional bacterial-based systems.”¢ In this case,
the host is the yeast Saccharomyces cerevisiae (a eukaryotic cell),
and the cloned DNA is contained within a linear artificial
chromosome rather than an extrachromosomal DNA molecule
(Fig. 10-2). The cloned DNA contained in YACs can range in size
from less than 100 kb to over 1,000 kb, which is roughly 10 to
20 times larger than the capacity of more traditional bacterial
cloning systems, such as cosmids (Fig. 10-1). A number of
comprehensive YAC libraries have been constructed from human
DNA77% and that of numerous other organisms (for review, see
Green et al.”¢), and efficient PCR-based strategies for YAC library
screening have been developed.®

By providing the means to isolate large segments of cloned
DNA, YACs have greatly simplified the process of constructing
long-range physical maps of DNA. This capability has now been
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Fig. 10-2 YAC and BAC cloning
systems. The general steps involved in
the construction of YAC (left) and BAC
(right) clones are summarized.
Specifically, high-molecular-weight
source DNA (e.g., human DNA) is
carefully prepared, partially digested
with a restriction enzyme, and size
selected to yield large DNA fragments
(e.g., typically ~200 to 1000 kb for YACs
and ~100 to 300 kb for BACS).
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demonstrated by mapping numerous medically relevant regions
of the human genome (e.g., those containing the cystic fibrosis
gene,%¢%7 the dystrophin gene,®% the HLA class I segment,” and
the Huntington disease gene,’*? just to name a few) as well as
whole human chromosomes®*1"7 (see Highlights of the Human
Genome Project below). Another novel feature of YAC cloning is
the ability to use the yeast host for reconstructing large human
genes by the sequential recombination of smaller, overlapping
YACs,’® as has been performed to generate single YACs containing
the entire ~200-kb cystic fibrosis gene,* the ~230-kb BCL2
protooncogene,!% and the ~2.3-Mb dystrophin gene.!*”

YAC cloning is not, however, without its associated problems.
One disadvantage is the difficulty in purifying large amounts of
YAC DNA away from the endogenous yeast DNA. Thus, it often
becomes necessary to isolate smaller-insert, bacterial-based clones
corresponding to the YAC insert prior to performing
manipulations such as DNA sequencing, gene identification, and
other routine experimental procedures.”® A more troubling
problem associated with YACs is the frequent presence of two
unrelated segments of DNA within a single cloned insert. Such
“chimeric” YACs constitute half (or more) of the clones in most
libraries made from human genomic DNA.'® While chimeric
clones do not prevent the utilization of YACs for mapping large
genomic regions, they can hinder the efficiency and accuracy with
which the maps are constructed. A major mechanism by which
chimeric YACs form involves recombination between homologous
regions (e.g., repetitive DNA) present in unrelated DNA
segments.'!? Such yeast-based recombination events likely lead to
another problem observed with YACs—the deletion of internal
segments within the cloned insert. In the case of chimeric YACs,
two different approaches have been successfully used to decrease
the problem: the construction of YACs from individual human
chromosomes residing within human-rodent hybrid cell lines”®
(see Somatic Hybrid Cell Lines below) and the use of

recombination-defective yeast strains as hosts.”® The latter
approach has also proven effective at reducing the occurrence of
internal deletions in YAC inserts.

Large-insert bacterial cloning systems. Since the advent of YAC
cloning, several new large-insert bacterial cloning systems have
been developed. Among these are the bacteriophage P1 system,
with a cloning capacity of roughly 75 to 100 kb,!'%112 as well as
the bacterial artificial chromosome (BAC)!''>!"* and closely related
P1-derived artificial chromosome (PAC)'"® systems, with the latter
two providing cloning capacities upwards of 200 to 300 kb.

In particular, BAC cloning has rapidly emerged as a critical
tool for genome analysis (Figs. 10-1 and 10-2). Numerous BAC
libraries, with clones averaging 100 to 200 kb in size, have been
constructed!'®!"” (also see http://bacpac.med.buffalo.edu). These
can be screened by PCR- and hybridization-based methods;!!+!1$
the latter has proven particularly robust and involves the use of
membranes containing immobilized clone DNA arrayed at very
high densities by robotic workstations.”>!1123 Furthermore, BAC
inserts appear to be quite stable during propagation.!> As a result,
BACs are being used for constructing high-resolution maps of
human chromosomes!**12¢ and numerous other genomes. Such
BAC-based physical maps will undoubtedly supplant the first-
generation YAC-based maps as well as provide the necessary
templates for systematic sequencing of the human and other
genomes (see Genomic Sequencing below).

PULSED-FIELD GEL ELECTROPHORESIS

An important adjunct technology that played a critical role in the
development of YACs, BACs, and other large-insert cloning
systems is a technique that allows the separation of high-molecular-
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weight DNA molecules. Conventional approaches for gel
electrophoresis (typically in agarose gels) can resolve DNA
molecules that are upwards of ~50 kb in size; however, such
methods are incapable of separating significantly larger DNA
fragments. To overcome this limitation, techniques have been
developed whereby the direction of the electric field applied to
the DNA within an agarose gel is periodically alternated.'?”1?
This method, called “pulsed-field gel electrophoresis,” can be used
to separate DNA fragments up to ~10 Mb in size. Numerous
refinements and modifications of the basic approaches for pulsed-
field gel electrophoresis have been made, making it a routine and
straightforward method.3%!32 As a result, pulsed-field gel
electrophoresis has been used to study the genomes of model
organisms such as yeast,'3%!3* to establish long-range restriction
maps of human DNA using rare-cutting restriction enzymes,'**
139to characterize the DNA in large-insert clones such as YACs™
76140141 and BACs,'"* and to detect certain types of mutations
causing human genetic diseases.!*

FLUORESCENCE /N SITU HYBRIDIZATION

A common step in the characterization of a cloned DNA
segment is the identification of the approximate site in the
genome from which it originated (i.e., its location on a particular
chromosome). The most direct route for obtaining such
information involves hybridizing the DNA segment to
preparations of intact chromosomes from metaphase cells using
protocols that allow the structural features of the condensed
chromosomes to be preserved. If the DNA probe is labeled
appropriately, the position(s) of hybridization can be identified
by microscopic examination of the chromosomes, thereby
allowing assignment of the DNA segment to a particular
subchromosomal region. Previously, radioactive labels were
employed, which required lengthy exposure of the chromosomes
to film and resulted in poor precision of the chromosomal
assignments. Major advances in this technology have occurred
in recent years, including the development of protocols for using
fluorescent tags to label the DNA probes and fluorescence
microscopy to establish the positions of hybridization,'*® a
technique referred to as “fluorescence iz situ hybridization™ or
FISH (Fig. 10-3).

Continued improvements in the protocols used for
performing FISH analysis have greatly enhanced the technology.
In general, the basic approaches are now quite efficient and
reliable.’*14 Furthermore, the ability to resolve closely spaced
DNA segments has also improved. For example, standard FISH
analysis with metaphase-chromosome preparations can be used
to discriminate between regions separated by roughly 5 to 10
Mb. #8150 However, the use of fluorescent tags of different colors
in conjunction with specialized methods for preparing the
immobilized chromosomes now allows more closely spaced
DNA segments to be resolved.!#3-148:151-133 Since FISH analysis
can establish the position of a cloned DNA segment relative to
the source chromosome, this technique has played an important
role in genome mapping by spatially organizing clones being
used for constructing long-range maps of human
chromosomes!**!55 (see Cytogenetic Maps below). Variant
methods have been developed for making FISH an even more
powerful technology, including techniques that allow each
human chromosome to be visualized in a different color.!56-158
Such methods offer great promise for more accurate, robust,
and potentially automated karyotypic analysis of human
chromosomes.

Microscope Slide
Containing Immobilized
Chromosomes

xnomooay W

e

Fluorescent Detection of
Hybridizing DNA Probe

Hybridize with
DNA Probe

View by Fluorescence Microscopy

Fig. 10-3 Establishing the chromosomal position of a DNA segment by
fluorescence in situ hybridization (FISH). Intact chromosomes from cells
at metaphase are carefully immobilized on a microscope slide. An
appropriate DNA probe (e.g., genomic clone) is labeled with a detectable
moiety, such as biotin (depicted as dark circles), and hybridized to the
immobilized chromosomes. The position(s) of the hybridizing DNA probe
is then detected using an appropriate fluorescence-based system (e.g.,
fluorescently labeled avidin, which binds to biotin). When examined by
fluorescence microscopy, the hybridizing probe (indicated by the white
arrow) typically appears as two bright yellow spots (one on each
chromatid) against an orange background of the chromosome. The
approximate chromosomal position of the hybridizing probe can be
assessed by parallel examination of the same metaphase chromosomes
following appropriate staining.'*'*® (Adapted from Hozier and Davis.'*)

SOMATIC HYBRID CELL LINES

Various somatic cell lines have been constructed that contain the
entire genome of the host species (e.g., rodent) along with some
amount of foreign DNA from another species (e.g., human). In
particularly useful cases, the foreign DNA consists of a single,
intact chromosome. For example, such a monochromosomal
human-rodent hybrid cell line has been derived for each human
chromosome (see http://locus.umdnj.edu/nigms). In some cases,
sets of hybrid cell lines, each containing a defined portion (but
not all) of a particular human chromosome, are also available.
Human-rodent hybrid cell lines thus provide access to more limited
parts of the human genome. Of course, the human DNA is not
“pure,” rather it is mixed within a background of the entire rodent
genome (which is roughly the same size as the human genome).
The stability of human DNA within human-rodent hybrid cell
lines varies widely, especially since there is typically no selective
pressure for the rodent cells to retain all of the human DNA. As a
result, investigators must be cautious when using such cell lines,
which typically should include the routine assessment of the
presence and intactness of the human chromosome (or fragment)
in the cell line (e.g., by cytogenetic analysis). Human-rodent hybrid
cell lines have been used extensively to generate genomic clones
(e.g., cosmids, YACs, BACs) from more limited regions of the
human genome (e.g., see Yeast Artificial Chromosomes above)
and as starting material for the development of DNA markers
(see Generation of Sequence-Tagged Sites below).
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Fig. 10-4 DNA sequencing by the dideoxy chain-termination method. The
dideoxy chain-termination sequencing method yields a population of DNA
segments of different lengths, each terminated by a particular type of
dideoxy nucleotide (i.e., G, A, T, or C) which “marks” the position of that
base in the starting template.'®2 The resulting products are then separated
by gel electrophoresis. In panel A, the detection of radioactively labeled
DNA fragments by autoradiography is shown. In this case, each lane
contains the DNA segments generated with a single type of dideoxy
nucleotide, with the presence of a band at a particular “rung” position of
the sequencing “ladder” reflecting the base at that position in the starting
DNA template (the corresponding sequence is shown in panel C). In panel
B, the automated detection of fluorescently labeled DNA fragments is
illustrated. In this case, a laser is used to detect the migration of the
fluorescently labeled, dideoxy-terminated DNA fragments as they are
electrophoresed through the gel.'s3'% Each type of peak (indicated by thick,
dotted, dashed, and thin lines) reflects the base (G, A, T, and C,
respectively) at that position in the starting DNA template (the
corresponding sequence is shown in panel C).

One specialized use of somatic hybrid cell line technology is
for constructing radiation hybrid cell lines. Specifically, this
involves the recovery of radiation-generated chromosome
fragments (e.g., from human chromosomes) within a heterologous
cell line (e.g., rodent). The resulting cell lines can be used to
construct landmark-based physical maps of large genomic
regions'S*1%° (see Radiation Hybrid Mapping below).

DNA SEQUENCING

A handful of techniques have been developed for determining the
precise sequence of nucleotides within a stretch of DNA. Some of
these methods have been successfully used to generate large

amounts of DNA sequence data, while others remain in more
developmental stages.'®! The approach described by Sanger and
coworkers in 1977,'% termed “dideoxy chain-termination
sequencing,” is the most widely utilized sequencing method. This
technique involves the in vitro synthesis of DNA molecules in the
presence of artificial (dideoxy) nucleotides, which prevent chain
extension when incorporated into a growing DNA strand. The
resulting population of DNA molecules, which terminate at
different nucleotide positions, is then analyzed by gel
electrophoresis. The relative migration of the various DNA
fragments is used to deduce the sequence of the starting DNA
template. Detection of the DNA fragments can be accomplished
by the incorporation of radioactive or fluorescent tags'®>»'%* into
the DNA (Fig. 10-4). Following radioactive sequencing, the gels
are exposed to X-ray film to allow detection of the DNA
fragments. In contrast, fluorescence-based sequencing involves
semiautomated, real-time detection of DNA fragments during
electrophoresis by laser-based instrumentation. 63165

Numerous advances in fluorescence-based sequencing have
been made in recent years that make this approach for large-scale
DNA sequencing remarkably efficient and robust.'®® These have
included the generation of fluorescent-dye-labeled primer'¢”-'6* and
fluorescent-dye-labeled terminator!”*!'”! molecules with improved
spectral characteristics and sequencing enzymes that yield longer
reads of higher accuracy.'s¢ Newer sequencing instruments, such
as those that employ capillaries rather than slab gels for separating
the DNA fragments, are now available as are better sequencing
enzymes and associated reagents.

DNA CHIPS

A rapidly evolving area of genome research involves the
development and utilization of miniaturized DNA microarrays
(called “DNA chips”) for performing DNA analysis.!721774
Essentially, various standard molecular genetics methods (e.g.,
PCR, DNA-DNA hybridization, fluorescence-based image
acquisition) are implemented on a microscale, allowing large
numbers of analyses to be performed in a massively parallel
fashion. Several distinct, although interrelated, DNA chip
technologies have emerged and will undoubtedly evolve into
powerful new tools for performing genome analysis.

One major type of DNA chip contains a high-density array
of short, single-stranded oligonucleotides (~20 nucleotides
long).178-180a These are typically immobilized during their synthesis
by a process known as photolithography.'”%!7® Very high densities
of oligonucleotides can be created (e.g., 100,000 to 400,000
oligonucleotides within a 1.28-cm? area). Target DNA, typically
PCR amplified and labeled with a fluorescent tag, is hybridized
to the immobilized oligonucleotides. The resulting hybridization
pattern is then captured with the aid of a microscope and analyzed
with suitable software, allowing the precise sequence of the target
DNA to be deduced. Thus, in a simple sense, oligonucleotide-
based DNA chips should be regarded as “resequencing” chips.
This technology has been developed most extensively by the
company Affymetrix. Numerous applications are readily apparent
for such an efficient chip-based, resequencing method, with
successful implementation already demonstrated for analyzing
important sequences within pathogens such as HIV-1'%! and
Mycobacterium,'®* mapping genomic clones,!® resequencing
human mitochondrial DNA,!* performing mutation screens for
human disease genes,®*13% comparing sequences of closely related
organisms,'®¢ simultaneously studying the expression of large
numbers of genes, 871831852 and performing large-scale analysis of
polymorphisms,'#1%2 such as single nucleotide polymorphisms
(SNPs)"° (see Genetic Markers below).
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The other major type of DNA chip contains a high-density
array of short, double-stranded DNA fragments."?!-1% Typically,
these are first derived by PCR amplification and then immobilized
onto glass or nylon surfaces by high-speed robotic workstations.
A common implementation scheme for this involves the arraying
of cDNA fragments on glass microscope slides at densities of
>1000 per 1 cm?. For gene expression studies, hybridization is
typically performed with fluorescently labeled mRNA probes, and
often includes the use of a two-color fluorescence detection
strategy that allows the simultaneous examination of parallel
mRNA samples derived from different sources. Once again, the
resulting hybridization patterns are captured microscopically, with
the resulting data analyzed using appropriate software and
assimilated in suitable database systems.?”1°7* Thus, this
technology can be used to study the expression of literally
thousands of genes in different cells or tissues, all within a single
experiment. cDNA microarrays have been used to examine gene
expression patterns in cells grown under distinct metabolic
conditions!*>!°%1% and in human cancer."**** The true power of
such expression profiling technology comes in the ability to
monitor very large numbers of genes in parallel, thereby gaining
insight about the global and integrated networks regulating gene
expression.

Variant types of DNA chips include those that contain highly
sophisticated, microfabricated systems for performing standard
DNA analyses (e.g., PCR, gel electrophoresis, DNA sequencing,
genotyping) on a microscale.!®2% Here, various technologies have
been engineered to allow the handling and analysis of very small
DNA samples in a rapid and automated fashion. The development
and refinement of such microsystems has tremendous potential
to yield important genome analysis tools for use in both research
and diagnostic applications.

COMPUTATIONAL GENOMICS

Among the key genomic technologies are those involving the
computational analysis of mapping and sequencing data. The
rapidly growing field of computational genomics (or
bioinformatics), which encompasses everything from computer-
based tools that are required for generating genomic data to those
that are essential for using it, now represents a well-respected
discipline of biomedical research.2¢2!1® Most major areas of
computational genomics are (in some fashion) heavily dependent
on the World Wide Web (Web). It is quite fitting, therefore, that
the HGP and a major growth spurt of the Web are occurring at
the same time; certainly, the former would be greatly weakened
by the absence of the latter.

The generation of genomic maps and sequences relies
extensively on the use of ever-improving computational tools.2®
210 These include a wide array of data management and analysis
programs that have proven instrumental for performing large-
scale genome analysis, particularly for the construction of genomic
maps and the generation of genomic sequence data.?!'2!5 In
addition, the availability of Web-based mechanisms for data
dissemination allows less refined, evolving data to be made
available long before they are at a stage suitable for final
publication. The latter has been tremendously important to
numerous investigators, who have utilized such preliminary data
to accelerate their ongoing studies.

The utilization of massive amounts of accumulating genome
mapping and sequencing data is also critically reliant on the
availability of powerful and user-friendly computational tools.2%¢
210 Among these are systems for data storage and retrieval,
such as the public databases that house nucleotide

and protein sequences.?”*1¢223 These databases and associated
tools provide a critical service to the biomedical research
community by storing, analyzing, cross-referencing, and
disseminating all publicly available mapping and sequencing
data, including those being produced by the HGP. In addition,
there are ever-improving programs for performing sequence
comparisons??*?2% and for predicting the presence of genes?**-23
and promoters®*® within genomic sequence. Also available are
various Web sites that provide suites of programs for facilitating
routine sequence analysis?®” (e.g., see http://
gc.bem.tme.edu:8088/search-launcher/launcher.html). In fact,
numerous sites on the Web are available for accessing and
analyzing genomic data; especially good sites include the
National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov), which operates the premiere genomic
database (GenBank), and the National Human Genome
Research Institute (http://www.nhgri.nih.gov/Data), which
provides a listing of Web sites particularly relevant to genome
analysis and the HGP.

Already, biomedical researchers spend sizable amounts of
their time in front of computer screens retrieving, analyzing,
and manipulating genome mapping and sequencing data. This
trend will undoubtedly intensify over time, as increasing amounts
of genomic information about numerous organisms are
generated at an unprecedented rate.

GENOME MAPPING AND SEQUENCING:
EXPERIMENTAL STRATEGIES

Genomic maps are linear representations of DNA that reflect the
organization of landmarks based on some coordinate system. The
construction of such maps is critical for attaining a global
understanding of genome structure and function. There are three
major classes of genomic maps: cytogenetic maps, genetic maps,
and physical maps (Fig. 10-5). In each case, the coordinates on
which the maps are based reflect the experimental method(s) used
to establish the order and intervening distances between
landmarks. Importantly, the various mapping methods are
associated with characteristic resolution ranges (Fig. 10-6) that
dictate the utility of the resulting maps. The development of highly
integrated cytogenetic, genetic, and physical maps represents a
central activity of the HGP.

CYTOGENETIC MAPS

A cytogenetic map represents the appearance of a chromosome
when properly stained and examined microscopically. Particularly
important is the resulting appearance of differentially staining
regions (called “bands”) that render each chromosome uniquely
identifiable (Figs. 10-5 and 10-6). In the case of human
chromosomes, individual bands can be specifically discerned and
are associated with well-defined names.?*® The most conventional
cytogenetic maps depict the 23 chromosomes of the haploid human
genome as containing a total of 350 to 500 bands at metaphase
(and the amount of DNA split roughly equally between light and
dark bands), with each band containing an average of ~5 to 10
Mb of DNA. More sophisticated, higher-resolution methods can
be used to detect and represent over 1000 bands in the cytogenetic
map of the human genome.'*

Cytogenetic maps have played a classic role in the diagnosis
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Fig. 10-5 Schematic representations of the genetic, cytogenetic,
and physical maps of a human chromosome. For the genetic map,
the positions of several hypothetical genetic markers are indicated,
along with the distances in centimorgans (cM) between them. The
circle indicates the position of the centromere. For the cytogenetic
map, the classic Giemsa-banding pattern of a chromosome is
shown. For the physical map, the approximate physical locations
of the above genetic markers are indicated, along with the relative
distances between them in megabase pairs (Mb). The
three types of physical maps [radiation hybrid (RH), clone-based
STS, and sequence] depicted along the bottom are discussed in
the text. (Adapted from Green and Waterston.*’%)

Resolution Range:

and study of human genetic diseases. A karyotype, for example,
is a visual representation of an individual’s cytogenetic map, which
may reveal chromosomal deletions, rearrangements,
translocations, or other abnormalities. In some cases, the close
association between such a cytogenetic abnormality and a
particular genetic disorder has served as the starting point for
the isolation of the defective gene (e.g., chronic granulomatous
disease,?®® Duchenne muscular dystrophy,? fragile X
syndrome?*).

On the surface, cytogenetic maps would appear to have a
limited role in genome mapping, in that they are relatively
low-resolution (e.g., ~5 to 10 Mb) representations of
chromosomes (Figs. 10-5 and 10-6) and they are observational
in nature, providing neither cloned DNA for additional studies
nor significant assistance in obtaining it. However, cytogenetic
mapping serves an important adjunct role in the construction of
detailed genomic maps. By dividing the human genome into
distinguishable units of ~5 to 10 Mb each, cytogenetic maps
provide a framework for the construction of other types of maps.
For example, cloned DNA segments can be efficiently assigned
to specific chromosomal bands by FISH analysis (see Fluorescence
In Situ Hybridization above), thereby providing the ability to
coalign (or integrate) other types of maps (e.g., physical and
genetic) with the established cytogenetic maps.’**155 Similarly,
FISH analysis can be used to monitor the quality of evolving
physical maps. For example, while mapping a particular
chromosomal region, newly obtained clones can be analyzed by
FISH, with any evidence of hybridization to some other genomic
region alerting the investigator to a potential problem. In addition,
the orientation of evolving maps with respect to the centromere
and telomeres can often be established by FISH analysis using
representative clones from each end of the map.?*?> Thus, while
the basic cytogenetic map of the human genome is essentially
established, efforts continue to localize DNA clones and
landmarks to precise chromosomal positions by FISH analysis,
so as to insure the resulting genomic maps are highly accurate
and integrated with one another.
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ranges in human genome mapping.
Individual human chromosomes range
in size from ~50 to 260 Mb. When
properly stained and examined
microscopically, the characteristic
cytogenetic banding pattern gives a
unique appearance to each
chromosome, with each band containing
~5 to 10 Mb of DNA. Physical mapping
techniques, such as long-range
restriction mapping by pulsed-field gel
electrophoresis, YAC cloning, and BAC
cloning are associated with
successively decreasing resolution
ranges, as indicated. Individual DNA
landmarks typically represent much
smaller DNA segments (e.g., ~60 to 1000
bp for an STS). The highest level of
resolution is the single base pair of DNA
sequence. (Adapted from Rossiter and
Caskey.*™)
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A. Meiotic Recombination

Fig. 10-7 Fundamental basis of genetic mapping.
(Panel A) During meiosis, each chromosome
lines up with its homologous partner and is
replicated. Paired chromosomes can break and
rejoin with each other at one or more points in
common (called “crossing over” or “meiotic
recombination”), leading to the exchange of
DNA. Such a recombination event can thus
result in the reassortment of alleles that were
previously on the same chromosome. Three
hypothetical markers (1, 2, and 3) on the
chromosome are indicated, each with two
alleles (a/b, c/d, and e/f, respectively). A cross-
over event is depicted as occurring between
markers 2 and 3, yielding two recombinant
chromosomes (“a,c,f” and “b,d,e”) among the
four meiotic products. (Panel B) The depicted
genetic map is based on the measured meiotic
recombination events, such as that shown in
panel A. The distance between markers reflects
the frequency with which they are inherited
together (i.e., the closer two markers are to one
another, the less likely a recombination event
will occur between them, and vice versa).
(Adapted from Rossiter and Caskey.*’)
Marker:

Alleles:

GENETIC MAPS

Genetic maps (also known as “linkage maps” or “meiotic maps”)
depict the relative locations of genetic (as opposed to physical)
markers across a stretch of DNA. These maps have a more abstract
meaning than do physical or cytogenetic maps, since the order
and spacing of markers is related to the complex
events involved in the transmission of DNA from one generation
to the next.

Theory of genetic mapping. Most human cells contain two sets
of homologous chromosomes, one inherited paternally and one
inherited maternally. Thus, for a particular DNA segment (or
marker), there can exist two alleles—one on each of the two
homologous chromosomes. During the formation of germ cells,
the diploid set of chromosomes is divided up during a process
known as meiosis, which results in the generation of gametes with
only one of each of the pairs of homologous chromosomes (23
chromosomes total). Markers on nonhomologous chromosomes
assort randomly during meiosis. Markers on homologous
chromosomes tend to be inherited together (i.e., they are “linked”).
Often, a recombination event occurs between two homologous
chromosomes (i.e., there is an exchange of chromosomal material
between the homologues inherited from the mother and the father),
resulting in two new “hybrid” chromosomes, each containing
portions of the starting homologous chromosomes (Fig. 10-7).
Following such a recombination event, some previously linked
markers may no longer cosegregate.

Genetic mapping is simply the process of measuring the
probability that two closely spaced markers on a chromosome
will remain together during meiosis. This is accomplished by
analyzing multiple members of known families and measuring
the frequency of recombination between markers. The greater the
frequency of recombination observed between two markers, the
larger the genetic distance separating them, and vice versa
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(Fig. 10-7). The resulting genetic map depicts the genetic distance
between different markers and, therefore, their relative order (Figs.
10-5 and 10-7). The unit of measure in human genetic maps is
the centimorgan (cM), with 1 ¢M corresponding to a probability
of 1% that a recombination event will occur in a single meiosis
(i.e., 1 recombination event, on average, every 100 meioses). The
human genome consists of ~3,300 ¢cM in genetic distance. The
correlation between genetic distance and physical distance varies
throughout the genome, since some regions are more susceptible
to meiotic recombination than others. As a very rough guide, 1
cM in genetic disease, on average, corresponds to ~1 Mb in
physical distance.

Genetic markers. Genetic markers serve the function of
discriminating between homologous chromosomes, thereby
allowing recombination events to be detected. To be useful, a
genetic marker must display variance among different copies of
the same chromosome (i.e., it must be polymorphic), thereby
allowing it to be followed during passage from one generation to
the next. The informativeness of a genetic marker reflects the
actual likelihood that it will be different on two homologous
chromosomes (i.e., the likelihood that each chromosome will
contain a distinct allele). A number of different types of genetic
markers have been used for constructing genetic maps. One type
of genetic marker is an inherited disease itself (e.g., Huntington
disease, neurofibromatosis, cystic fibrosis, sickle cell anemia).
Other biological features can also serve as genetic markers (e.g.,
blood cell surface antigens, serum proteins, tissue markers).
However, most markers used for genetic mapping are DNA
sequence differences that are neutral with respect to the phenotypic
status of the organism.

There are several major classes of DNA-sequence-based
genetic markers. Restriction fragment length polymorphisms
(RFLPs) reflect sequence variations that result in DNA fragments
of different sizes following restriction digestion, Southern
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blotting,** and hybridization with an appropriate probe?*2*’
(Fig. 10-8). Since most RFLPs reflect two or very few distinct

variants, these markers are typically not very informative, thereby
limiting their usefulness. Another class of genetic markers consists
of tandemly repeated DNA segments. Included among these markers
are those containing a variable number of tandem repeats**® (VNTRs)
or “minisatellites,” with each repeat unit containing ~11 to 60 bp
(Fig. 10-8). The latter polymorphisms are most often detected by
agarose gel electrophoresis, Southern blotting,**3 and hybridization
with an appropriate probe. Since a greater number of alleles are
typically encountered (reflecting different numbers of repeated units),
these markers are generally more informative than RFLPs.

In the case of human genetic maps, RFLPs and VNTRs have
been largely supplanted by a newer type of genetic marker, termed
the “short tandem repeat”**-2°! (STR) or “microsatellite.” These
polymorphisms are based on differences in the lengths of DNA tracts
composed of tandemly repeated di-, tri-, or tetranucleotides (typically
repeated a total of ~5 to 30 times) (Fig. 10-8). STRs are particularly
useful for genetic mapping because they tend to be more informative
than other types of genetic markers. For detecting an STR, PCR
primers that flank the tandem repeat are used to amplify the entire
segment, and the size of the variable fragment is measured by gel
electrophoresis?*? (Figs. 10-8 and 10-9). The most commonly
encountered STR in the human genome consists of the dinucleotide
CA (or GT on the opposite strand). STRs are now widely used for
constructing genetic maps due to their frequent occurrence in the
human genome (e.g., estimated every 30 to 60 kb for CA repeats),
informativeness, and efficient detection by PCR-based analyses.

The final class of genetic marker is the single-nucleotide
polymorphism (SNP). With these markers, a single base is variant at
a particular site, typically being one of two possible nucleotides (i.e.,
biallelic; Fig. 10-8). SNPs can be readily detected by PCR
amplification of the surrounding DNA followed by analysis of the

resulting PCR product by one of many possible methods, ranging
from direct DNA sequencing to various non-gel-based
approaches.?%%225 In the human genome, SNPs occur relatively
frequently, roughly every 500 to 1000 bp of genomic DNA
(slightly less often in coding sequences), and appear to be
distributed in a relatively uniform fashion. However, because each
SNP is typically associated with only two alleles, these genetic
markers are not as informative as STRs. Thus, to generate the
same amount of data required for performing genetic mapping
studies, a larger number of SNPs are required compared to
STRs.25325 However, the ability to use automated, non-gel-based
detection methods, #*2* such as DNA chips!*® (see DNA Chips
above), will almost certainly make SNPs the genetic markers of
choice for performing large-scale human genetic mapping studies
in the future.?*>2%% Indeed, high-throughput, SNP-based genetic
mapping methods are envisioned as being critical for unraveling
the underlying bases of genetically complex diseases.'3"”

Construction of genetic maps. The process of constructing genetic
maps of human DNA is a relatively complicated and tedious
process?*? because many of the desirable features found with other
experimental organisms (e.g., large numbers of offspring,
controlled matings, relatively rapid generation times) are not
available. Nonetheless, by utilizing multigeneration families
containing large sibships along with living parents and
grandparents, sufficient data can be generated to build high-
quality genetic maps. A French research group [CEPH (Centre
d’Etude du Polymorphisme Humain)] was established to facilitate
the distribution of cells and DNA from carefully collected and
documented families.?®® Thus, different investigators around the
world can use the same families for constructing genetic maps,
thereby allowing different data sets to be more readily compared
and integrated.

Method of Detection:
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Fig. 10-8 Genetic markers and their
detection. Four major types of genetic
markers used for genetic mapping are
depicted, along with the experimental
method used for their detection. RFLPs
are typically associated with the variable
presence of a restriction site(s) (indicated
by vertical arrows) in a stretch of DNA and
are detected by restriction digestion,
Southern blotting, and hybridization with
a suitable probe. VNTRs reflect variable
sizes of DNA tracts harboring a repeated
DNA segment, again typically detected by
digestion with a restriction enzyme,
Southern blotting, and hybridization with
a probe. STRs consist of smaller simple-
sequence (e.g., di-, tri-, or tetranucleotide)
repeats, which can be detected by PCR
with primers (depicted as horizontal
arrows) that flank the repeated region (see
Fig. 10-9). SNPs reflect differences of a
single nucleotide at a defined position
(shown here as a C vs. A) and are typically
detected by PCR amplification of the DNA
segment harboring the polymorphism
followed by an analytical step that allows
discrimination between the different
sequences. (Adapted from Rossiter and
Caskey.™)
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Fig. 10-9 A short tandem repeat (STR) genetic marker
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reflecting a variable number of CA repeats. Regions Allele 2
of the human genome that contain stretches of
reiterated CA dinucleotides are often polymorphic
with respect to the number of repeat units.?**?' One Allele 1
hypothetical segment is depicted, along with PCR Product
primers (indicated by horizontal arrows) that can be
used to amplify the CA-repeat unit. The two alleles (1 Allele 2
and 2) present in one of the family members (indicated Product

with an arrow) are shown. PCR amplification of the
STR marker in that individual yields two products of
different sizes, which can be resolved on a high-
resolution polyacrylamide gel. The results of
analyzing the entire family for this genetic marker
reveal the presence of multiple alleles, which is
characteristic of STRs. A common finding with PCR
amplification of CA repeats is the presence of shadow
(or stutter) bands (depicted as light lines) smaller and/
or larger than the expected product. (Adapted from
Germino and Somlo.)

Provided the availability of genetic markers and DNA from
large families, the process of constructing genetic maps is now
well established. Each DNA sample is analyzed with an
appropriate set of genetic markers using a suitable detection
method(s) (see Fig. 10-8), and the resulting data are carefully
collected and recorded. Sophisticated computational tools have
been developed for assessing the inheritance patterns of the
markers and for deducing the resulting genetic maps.?*! A first-
generation genetic map of the human genome was reported in
1987 and consisted of markers (predominantly RFLP-based) that
were spaced, on average, every 10 ¢cM.2®? As part of the HGP,
second-generation, higher-resolution genetic maps consisting of
STR-type markers have now been constructed for the human
genome?®32%% (see Highlights of the Human Genome Project
below).

Uses of genetic maps. Genetic maps facilitate the search for genes
associated with human disease. In conventional positional cloning
strategies, the disease gene itself can serve as one genetic marker
whose linkage to other genetic markers is assessed by the analysis
of affected families. In the ideal cases, more closely linked genetic
markers are identified that allow the genomic region containing
the disease gene to be limited to an interval that can be readily
studied by physical mapping methods (see Background on
Positional Cloning below). Such an approach is particularly well-
suited for single-gene disorders. In the future, human genetics
studies will increasingly focus on the analysis of more genetically
complex diseases. This will be accompanied by a shift away from
the use of individual families and towards the use of large-scale
association studies, whereby common genetic variants will be
correlated with specific traits by analyzing large numbers of
individuals (as opposed to families).'*2%¢ Such efforts will depend
on the availability of large sets of SNP markers, an associated
catalog of known human sequence variants (see http://
www.ncbi.nlm.nih.gov/SNP), and more robust technologies for
large-scale SNP detection?552%% (see DNA Chips above).

Genetic maps are also important for at least two other
applications. First, they are valuable as a framework for
assembling physical maps. While genetic and physical maps
provide different information about the corresponding DNA, they

lGeI Electrophoresis
A
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are colinear with respect to the order of markers. Thus, genetic
mapping can complement physical mapping by providing
information about the order of physical landmarks based on their
genetic positions. For example, this can be accomplished by simply
localizing mapped genetic markers on a physical map®* (see
Generation of Sequence-Tagged Sites below). Second, genetic maps
are valuable for studying subtle aspects of inheritance. For
example, there is no uniform relationship between genetic distance
(i.e., recombination frequency) and physical distance; in the case
of human DNA, the rough correlation of 1 cM to 1 Mb represents
an estimated average, with considerable variation occurring
throughout the genome. Interestingly, the relative recombination
frequencies per physical length of DNA are higher near the ends
of chromosomes (telomeres) and lower near the centromeric
regions. The availability of higher-resolution genetic maps in
conjunction with more complete physical maps is allowing the
molecular bases for these observations to be studied in a more
rigorous fashion. 06107

PHYSICAL MAPS

Physical maps depict the relative locations of physical landmarks
across a stretch of DNA, much like a travel map indicates the
locations of cities along a highway. The construction of physical
maps is performed either with the total genomic DNA of an
organism or with smaller pieces derived from that genome. The
conventional approach for the latter involves fragmenting and
then cloning the DNA, so as to purify and
analyze individual DNA fragments. However, by fragmenting the
DNA, the order of the DNA segments is lost, leaving the
challenge of correctly putting the pieces back together to create
an accurate map. Hence, the analogy is often made to a jigsaw
puzzle; however, there are some important differences. Instead
of just one copy of every DNA fragment, many copies are
present within the collection of clones. In addition, the same DNA
segment may be present on a number of different-
sized, overlapping clones. In assembling such a clone-based
physical map, individual clones are analyzed for the presence
of landmarks and then compared with other clones. When
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two clones are found to have one or more landmarks in
common, they can be conceptually overlaid (or overlapped),
and because such clones are typically notidentical (only
overlapping), a slightly larger segment is reconstructed. A
collection of ordered, overlapping clones is called a “contig,” since
the clones together contain a contiguous segment of DNA. Thus,
a clone-based physical map (i.e., a contig map) reflects both a
collection of overlapping clones and an ordered set of
DNA landmarks.

Restriction sites as landmarks. Various types of landmarks can
be used to construct physical maps of DNA. A simple one is the
restriction site, which reflects the site of cleavage by a specific
restriction enzyme(s). Since a large number of restriction enzymes
are available, each recognizing and cutting DNA at a defined
sequence, detailed restriction maps can be theoretically constructed
by using several different enzymes. Long-range, low-resolution
restriction maps of uncloned genomic DNA can be constructed
by using rare-cutting restriction enzymes and pulsed-field gel
electrophoresis;!35-13713% however, the resulting maps are usually
not very detailed and provide no direct access to the DNA itself.
More typical is the detection of restriction sites within cloned
DNA. Here, individual clones are analyzed, and the physical
distances between restriction sites established. This information
provides a restriction-site-based “fingerprint” for each clone,
which in turn can be compared with other clones to deduce overlap
relationships. Such an approach was particularly effective for
constructing physical maps of several model organism genomes?®”-
27! and is now being adapted for use in constructing high-resolution
physical maps en route to systematic sequencing of the human
and other genomes!'?*126272 (see Genomic Sequencing below).

Sequence-tagged sites as landmarks. Early in the HGP and shortly
after the advent of PCR, a new type of DNA landmark was
envisioned: the “sequence-tagged site” (STS).?”> STSs are short
stretches (e.g., ~60 to 1000 bp) of unique DNA sequence that can
be specifically detected by a PCR assay (Fig. 10-10); in essence,
STSs are the physical landmarks and PCR is the experimental
method used to detect them. STS maps simply represent the relative
positions of STSs across a stretch of DNA%27* (Figs. 10-5 and
10-10). STSs provide several key advantages over other landmarks

100 kb

(e.g., restriction sites, hybridization probes) that make them
well-suited for use in physical mapping. First, the use of PCR as
the front-line analytical tool for detecting DNA landmarks is
highly desirable because of its high sensitivity, specificity, and
potential for automation. Second, all of the relevant information
about an STS (e.g., the sequence of the two oligonucleotide
primers, reaction components, temperature-cycling parameters)
can be stored and accessed electronically (such as in the dbSTS
database; see http://www.ncbi.nlm.nih.gov/dbSTS), thereby
making that STS experimentally accessible to any laboratory. As
a result, the DNA segment corresponding to a particular STS can
be generated simply by synthesizing the appropriate
oligonucleotide primers and performing PCR under the described
conditions.?”* This facilitates the assimilation and comparison of
STS maps constructed in different laboratories and/or by different
methods. Similarly, the availability of a PCR assay specific for
each STS provides the means to isolate readily a clone containing
the corresponding genomic region; this offers a desirable element
of flexibility with respect to the ability to utilize different cloning
systems or new, improved clone libraries. Finally, since STSs are,
by definition, sequence-based, physical maps assembled with STSs
as the landmarks can be readily integrated with evolving sequence
maps by simple computer analysis. Because of these features, STSs
rapidly ascended to become the dominant landmark for
constructing physical maps of mammalian chromosomes. STSs
are most commonly mapped using large-insert clones, such as
YAC:s (see Yeast Artificial Chromosome-Based Sequence-Tagged
Site-Content Mapping below), or radiation hybrid cell lines (see
Radiation Hybrid Mapping below).

Generation of sequence-tagged sites. To construct detailed physical
maps of large genomic regions (such as human chromosomes),
many thousands of STSs must be developed. The generation of
an STS involves determining a small amount of DNA sequence
(~100 to 400 bp), developing a PCR assay that will specifically
amplify the corresponding DNA segment (including the design?’®
and synthesis of the two oligonucleotide primers), and
demonstrating that the site is functionally unique within the
genome.?”>277278 A key step in this process is the generation of
DNA sequence, which can either be obtained from a totally
random piece of genomic DNA or from a more targeted DNA

Fig. 10-10 STSs and STS
maps. An STS is a unique
DNA sequence in the size
range of ~60 to 1000 bp that

STSH

STS2 STS3 STS4 STS5

N

can specifically be detected
by a PCR assay employing
two oligonucleotide primers
(indicated by horizontal
arrows). A physical map of a
human chromosome can be
represented by the relative
positions of STSs (depicted
as unique symbols), each of
which is associated with a
specific PCR assay. (Adapted
from Green and Olson® and
Green and Green.?’*)

PCR Primer 1
GGATTCCGACTAGGTCGGTCTT + *+//* + * GGATTAGCTAGGTATTGGCTAT
CCTAAGGCTGATCCAGCCAGAA « * ¢/ * * CCTAATCGATCCATAACCGATA
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segment, with the latter being technically more demanding.
Several methods have been established for generating DNA
sequence from targeted genomic regions, such as individual human
chromosomes. Many of these approaches involve the use of
human-rodent hybrid cell lines containing a single human
chromosome or portion thereof (see Somatic Hybrid Cell Lines
above). Several strategies can be used to isolate the human DNA
away from the rodent DNA background. For example, lambda
or cosmid clones derived from such hybrid cell lines can be
screened for the presence of human-specific repetitive sequences.
Since most segments of human DNA present in lambda (15 to 25
kb) or cosmid (35 to 45 kb) clones should harbor at least one
repetitive sequence (e.g., Alu), clones containing human DNA can
be identified by hybridization with radioactively labeled human-
DNA probes.?’>277 Alternatively, segments of human DNA within
the hybrid cell lines can be amplified by using a variant type of
PCR, called “Alu-PCR”?7-28 (Fig. 10-11). In this method, total
DNA from the hybrid cell line is used as template in PCR assays
employing oligonucleotide primers specific to consensus Alu
sequences.*” The PCR products generated are enriched for DNA
segments residing between adjacent Alu repeats.”’$! Alu-PCR
can thus be used to amplify the human but not the rodent DNA
from a hybrid cell line, with the resulting DNA segments then
utilized for developing STSs.?”7?%2 A second approach for isolating
targeted genomic regions uses the technique of flow-sorting,$3-28%
which separates individual chromosomes based on quantitation
of the laser-induced fluorescence following staining. Typically,
flow-sorting yields very small quantities of DNA, which must then
be subcloned prior to analysis.?*32%5 While flow-sorted DNA has
been successfully used for developing STSs from individual human
chromosomes,?73277286287 the presence of irrelevant DNA segments
has in some cases hindered the utility of this approach.?”>?”” Other
strategies for targeted STS generation include the use of 3’
untranslated regions of cDNAs?*® and sequences derived from the

Fig. 10-11 Amplification of DNA by Alu-
PCR. Interspersed repetitive sequences

ends of large-insert clones, such as YACs.28%2%

Efficient strategies for developing STSs have been
established?®274275:277:278.286.287 and utilized for many large-scale
physical mapping projects. In the case of the human genome,
large collections of STSs have been generated in both genome-
wide’®2°1-2%3  and  targeted fashions (see http://
www.ncbi.nlm.nih.gov/dbSTS). It is also important to note that
the large collections of developed PCR-based human genetic
markers?63-2682%4 (specifically STRs; see Genetic Markers above)
are also STSs; that is, each is a unique sequence associated with a
PCR assay. These markers can thus serve as landmarks on both
the genetic map and the physical map, with their presence on
both serving to integrate the two maps together.

Yeast artificial chromosome-based sequence-tagged site-content
mapping. The major approach employed for constructing the first-
generation clone-based physical maps of the human genome has
involved the use of STSs as the landmarks and YACs as the source
of the cloned DNA.%27* Because of their large insert size, YACs
simplify the process of assembling contigs covering large genomic
regions (much as jigsaw puzzles made of larger pieces are easier
to assemble than those made of smaller pieces). In this strategy,
YAC clones are isolated from appropriate libraries (typically by
using an STS-specific PCR assay®’) and analyzed for the presence
of additional STSs (Fig. 10-12). An “STS content” is thus
established for each YAC. Two clones are assumed to overlap if
they have one or more STSs in common. By establishing the
overlaps among a group of YACs, contig maps can be deduced
that reflect both the relationships among the clones as well as
the relative order of the STSs (Fig. 10-12). This general strategy,
called “STS-content mapping,”#*"* has been used to construct
large YAC contigs corresponding to a number of regions of the
human genome, including segments encompassing important
disease genes®*$9192 (e.g., see Fig. 10-13) and whole human

<2-4 kb

in human DNA, such as Alu repeats, are |
often closely spaced to one another
(due to their high frequency in the
genome). These repeated sequences
represent potential annealing sites for
PCR primers (depicted as horizontal
arrows), in particular those that are
complementary to known consensus Alu
sequences and point outward from the
repeat units. When two Alu repeats are
in close enough proximity to one another
(e.g., less than 2 to 4 kb apart), the region
between them can be amplified by
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Alu-PCR.?*%' The resulting PCR product

consists of the outermost portions of the
Alu repeat together with the intervening
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PCR products.
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Fig. 10-12 General strategy for constructing
YAC-based STS-content maps. A YAC library,

consisting of clones of various sizes and S

unknown compositions of STSs (depicted as
open symbols), is screened for a set of STSs
using a PCR-based screening method.® For
each group of isolated clones, only the STS
whose corresponding PCR assay was used
to perform the library screen is known to be
present in the positive YACs (depicted as
filled-in symbols). However, data about which -
YACs contain which STSs can then be
assimilated and the size of each YAC
measured by pulsed-field gel electrophoresis.
The resulting information can be used to
assemble a YAC contig, reflecting both the
overlap relationships among the clones and
the relative order of the STSs. (Adapted from

YAC Library
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with PCR
Assays for
Set of STSs
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Green and Olson® and Green and Green.?”*) LA,

chromosomes.?3-95-98:100,101,103-107 A o]gbal view of the YAC-based
STS-content map constructed for human chromosome 7 is
provided in Fig. 10-14.

Radiation hybrid mapping. Other, non-clone-based approaches
are available for establishing the relative order of landmarks (such
as STSs) across a stretch of DNA. One technique, called “radiation
hybrid mapping,”!5%160:295:2% exploits the ability to recover
chromosome fragments in rodent cells. In one application of this
method, human chromosomes in cultured cells are fragmented
by irradiation, and individual pieces are recovered by fusion of
the irradiated cells with a rodent cell line. Each of the resulting
cell lines typically contains numerous, disjointed fragments of
the starting chromosome(s). A set of such radiation hybrid cell
lines (typically ~90), each containing a different assortment of
human chromosomal fragments, are then isolated and analyzed
for the presence or absence of DNA landmarks. An efficient
approach for the latter involves the use of PCR for detecting
STSs within the cell lines.’®® The relative spacing between two
STSs can be deduced based on analyzing the data about their
coexistence within the collection of cell lines. The fundamental
principle is that the frequency of radiation-induced chromosomal
breaks between STSs is proportional to the distance between them;
thus, closely spaced STSs tend to coexist in a larger fraction of
cell lines compared to those that are far apart on a chromosome
or that are on separate chromosomes. Statistical analyses are used
to order the STSs and to estimate the relative distances between
them, 15929529729 regulting in the assembly of a radiation hybrid
map.

Radiation hybrid mapping represents an important adjunct
approach for physical mapping. For example, this method
facilitated the assembly of a YAC-based physical map of the
human genome.”® In these studies, the resulting STS-based
radiation hybrid map was used to confirm the STS order deduced
by YAC-based STS-content mapping, to order individual YAC
contigs, and to orient YAC contigs relative to the centromere
and telomeres. Thus, the combined use of independent methods
for ordering STSs helped in the construction of an overall more
consistent map. Radiation hybrid mapping has also been used
extensively to map genes in the human genome?*>?*? (see http://
www.ncbi.nlm.nih.gov/genemap98) (see cDNA Sequencing
below). Furthermore, STS-based radiation hybrid maps of
increasing resolution are actively being constructed for the
human?13% (also see http://shge-www.stanford.edu) and mouse3!
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genomes. Finally, radiation hybrid mapping provides an approach
for the comparative mapping of genomes from different animal
species.>%

Sequence maps. The highest-resolution physical map is the DNA
sequence map (Figs. 10-5 and 10-6), which depicts the precise
order of nucleotides across a stretch of DNA. There are two major
types of data generated for constructing sequence maps: that
derived from cDNA (copies of mRNA molecules; i.e., expressed
sequences) and that from genomic DNA. Each type of sequence
has its relative value and limitations, with both types frequently
generated for analyzing genomes.

c¢DNA sequencing. Sequence data generated from cDNA provide
an enriched source of information about the small part of the
genome that is expressed and encodes protein. Refinements in
the methods for large-scale DNA sequencing'®® coupled with
improved protocols for generating “normalized” cDNA libraries
(where individual transcripts are more equally represented3°3-307)
have resulted in the efficient generation of large numbers of
sequences from randomly selected cDNA clones. Such sequences
are called “expressed-sequence tags” (ESTs), since they
correspond to partial tags of expressed sequences.’®® Literally
hundreds of thousands of human ESTs have been generated??31°
and are available in the public databases®''-'* (e.g., dbEST, see
http://www.ncbi.nlm.nih.gov/dbEST). Together, these ESTs likely
represent a major part of the human gene catalogue. Furthermore,
just under 4,000,000 ESTs (from numerous organisms) were
present in dbEST as of April, 2000.

ESTs can be used as a vehicle for mapping the corresponding
genes in the genome. Most often, an STS is generated from the
EST sequence?®288:292:293,300.315,316 and mapped by YAC-based STS-
content mapping®® and/or radiation hybrid mapping.?$292293:300
The latter strategy has been applied in a large-scale fashion to
construct a gene map (also called a “transcript map”) of the
human genome?**??3 (see http://www.ncbi.nlm.nih.gov/
genemap98).

The generation and mapping of large numbers of human
ESTs enhances the ability to perform various types of studies,
such as acquiring an initial exposure to the gene repertoire of the
human genome,3!”3!# facilitating the isolation of human disease
genes by positional cloning (see Isolation of Disease Genes by
Positional Cloning below), and studying the differential
expression of genes in various organisms, tissues, and disease
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Fig. 10-13 A YAC-based STS-content map of the human genomic
region containing the cystic fibrosis gene. A YAC contig map of
the region of human chromosome 7 containing the cystic fibrosis
gene is depicted. The vertical arrows along the top indicate the
relative positions of the STSs, while the horizontal bars represent
YACs. For simplicity, the STSs are spaced in an equidistant fashion
and only a representative subset of mapped YACs is shown. The
presence of an STS in a YAC is indicated by a closed circle at the
appropriate position on the corresponding horizontal bar. When
an STS corresponds to the insert end of a YAC, an open square is
placed around that circle at the end of the YAC from which it was

states.’'*320 ESTs are not, however, without their limitations. First,
since most ESTs reflect single-pass sequence reads, the
corresponding sequence is generally of lower accuracy and less
contiguity compared to high-quality genomic sequence (see
Genomic Sequencing below). Second, the data associated with an
EST provide little to no information about the structure or
regulation of the corresponding gene. Similarly, there is typically
no insight about complex situations such as the production of
multiple mRNAs from the same gene or the production of the
same mRNA from multiple genes. Finally, ESTs are limited to
those mRNA molecules that are present during the construction
of a cDNA library, with rare transcripts or those not expressed in
the tissue at the time of harvesting being difficult to identify. Thus,
while large-scale EST generation provides an important source of
biologically relevant DNA sequence, it should be regarded as a
supplement (rather than a substitute) to complete genomic
sequencing.

A variant form of EST analysis, called “serial analysis of
gene expression” (SAGE),3?!322 involves the construction of
libraries with clones containing concatemerized short sequence
tags (e.g., 9 to 10 bp) derived from ¢cDNA. Large numbers of
sequence reads are then generated from individual clones, and
the frequency of different short tags assessed. The resulting data
thus allow a quantitative cataloging and comparison of expressed
genes from a defined biological source (e.g., tissue, organism, or
developmental stage). This methodology, which in essence is a
sequence-based approach for monitoring gene expression levels,

derived. The indicated overlap relationships among YACs were
established by the presence of one or more common STSs. The
contig spans across ~2.0 Mb of DNA, with the approximate position
of the ~200-kb cystic fibrosis gene indicated. The relative position
of this physical map on the chromosome 7 cytogenetic map was
established by performing FISH analysis with several YACs from
the contig.'** Similarly, the localization of several genetic markers
(D7S2460, D7S633, and D7S677) on the YAC contig allows
integration of the genetic and physical maps at these positions.'*
Additional details about this physical map have been reported?'%”
(also see http://genome.nhgri.nih.gov/CHR?).

offers great promise for numerous applications.

Genomic sequencing. The ability to establish the complete
sequence of large genomes has advanced tremendously in recent
years as a result of the experience gained in sequencing the genomes
of model organisms, such as the yeast S. cerevisiae’®33% (e.g., see
http://genome-www.stanford.edu/Saccharomyces), the bacterium
E. coli,>*® and the nematode C. elegans331-335 (see http://
www.sanger.ac.uk and http://genome.wustl.edu/gsc; also see
Studying the Genomes of Model Organisms below). These
accomplishments have been associated with a steady accumulation
of incremental improvements in the approaches used for
performing large-scale sequencing by fluorescence-based methods,
rather than any individual revolutionary advance. As a result, the
HGP is now firmly focused on the important task of sequencing
the human genome33*3%° (see Sequencing the Human Genome
below), with plans to then sequence the mouse genome and
inevitably many others thereafter.

The general strategy that is currently being used for systematic
sequencing of large genomes (e.g., the human genome) can be
broadly divided into several major steps.3#?-342 First, suitable clones
must be selected for sequencing. For a variety of reasons, YACs
are not the clones of choice for use in genomic sequencing, despite
their central role in the construction of long-range physical maps.
Rather, BACs (and similarly PACs; note that only BACs are further
mentioned below) are associated with a number of features that
make them well suited as sequencing templates (see Large-Insert
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Bacterial Cloning Systems above). Most often, available STSs
(previously ordered utilizing YACs or radiation hybrid cell lines)
are used to isolate BACs, which in turn are analyzed to establish
overlap relationships among the clones and to assemble BAC
contigs (Fig. 10-15). The latter typically involves some type of
restriction-enzyme-based fingerprint analysis.'?*126272 From the
resulting BAC contig maps, minimally overlapping sets of clones
that together span a genomic region of interest are selected for
sequencing.’*** Such high-resolution, bacterial-clone-based maps,
which are usually highly redundant with respect to clone coverage
and provide the ability to select clones that share very small
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Fig. 10-14 Physical map of a human chromosome. A global overview of a
first-generation physical map of a human chromosome constructed by
the HGP is depicted. Specifically, a YAC-based STS-content map of human
chromosome 7 is aligned relative to the cytogenetic map (left) and genetic
map (right).'” Each of the vertical bars in the middle (labeled A-V)
corresponds to an individual YAC contig (see Fig. 10-13 for a more detailed
view of a very small portion of contig O). Some of the contigs are quite
large (e.g., contig E spans ~50 Mb or ~30% of the chromosome). Note that
the positions of virtually all of the YAC contigs on the cytogenetic and
genetic maps have been established. For additional details, see Bouffard
et al."” and http://genome.nhgri.nih.gov/CHR7.

overlapping regions, are commonly referred to as “sequence-ready
maps” (Fig. 10-15).

In the second step of this process, selected clones are
individually subjected to complete, high-accuracy sequencing. The
most commonly used strategy for this step is called “shotgun
sequencing”3* (Fig. 10-16) (although a small number of groups
are using a variant approach that employs transposons3*). Shotgun
sequencing begins with the construction of a subclone library,
consisting of subclones that each contain a small (e.g., ~1 to 3
kb), random piece of the starting template (e.g., BAC). Sequence
reads are then obtained from one or both ends of a large number
of subclones. Sufficient sequence data are generated such that each
base position of the starting template is read, on average, 5 to 10
times (sometimes referred to as “5X to 10X coverage”).
Computational tools are then used to analyze the resulting
sequences, so as to identify those that overlap to form sequence
contigs (each consisting of an assembled consensus sequence). This
process has been greatly facilitated by powerful new software that
assesses the quality of the data associated with each nucleotide of
sequence and provides a user-friendly set of tools for reviewing
and editing the resulting sequence assemblies.?!2!3 With this
software, an increasing amount of the data production and
monitoring process can be more automated, thereby increasing
the overall efficiency of the shotgun sequencing strategy. The initial
shotgun sequencing data typically result in the assembly of a small
number of sequence contigs, the order and orientation of which
may or may not be known. The next phase involves generating
sequence data in a highly directed fashion, so as to fill in the
remaining gaps and merge the sequence contigs together. This
“finishing” process (as it is often called) uses a number of
specialized computational and experimental tools, requires highly
trained technical personnel, and often involves generating sequence
reads from particularly difficult sequences (e.g., repeated
structures).’*

The last step of genomic sequencing involves a final review of
the entire assembled sequence, which includes both checking for
any ambiguities or problem areas and analyzing the sequence for
features of interest, such as the presence of genes, ESTs, repetitive
elements, and other matching sequences. This latter activity is
referred to as “sequence annotation.” Finally, the complete sequence
and its associated annotations are submitted to a public database,
such as GenBank.

STUDYING THE GENOMES
OF MODEL ORGANISMS

Mapping and sequencing the human genome will, in principle,
reveal all the information needed for the biological development of
a human being. However, the ability to interpret most of this
information will be heavily dependent on parallel studies of non-
human organisms used extensively in research laboratories as model
systems. Experimentation in humans is rightly limited by ethical
considerations, not to mention many practical factors. In contrast,
model organisms such as bacteria, yeasts, worms, flies, and mice
can be easily manipulated, especially genetically. Importantly, the
knowledge gained from mapping and sequencing the genomes of
these other organisms is directly relevant to understanding the
human genome and many aspects of human biology, both in normal
and abnormal states’!3* (see Comparative Study of the Biology
of Humans and Other Organisms below).

Model organisms have another important feature: most have
much smaller genomes than that of humans. This feature makes
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Shotgun Sequencing

Fig. 10-15 Construction of clone-based physical maps suitable for
sequencing the human genome. The first-generation physical maps of
human chromosomes constructed in the HGP are predominantly YAC-based
STS-content maps, which provide both collections of overlapping YAC
clones and ordered sets of STSs. For various technical reasons, YACs are
not ideal templates for DNA sequencing. Instead, the mapped STSs can be
used to isolate smaller-insert BAC (or PAC) clones, which in turn can be

comprehensive genome analysis more straightforward. As
illustrated in Fig. 10-1, the genomes of E. coli, yeast, nematode,
and fruit fly are roughly 1/600, 1/200, 1/30, and 1/20 the size of
the human genome, respectively. With smaller genomes, newly
developed approaches can be tested more readily. Indeed the
experiences gained mapping the yeast?**3*¢ and nematode?”°
genomes have heavily influenced the strategies adopted for
analyzing the human and mouse genomes. The smaller genomes
of E. coli, yeast, nematode, and fruit fly are densely packed with
genes, so that the relative amount of information derived from
systematic DNA sequencing is high. Importantly, these smaller
genomes actually contain many of the same genes that are found
in the human genome®'3* (see Comparative Study of the Biology
of Humans and Other Organisms below), making their study of
particular interest. For the early phases of the HGP, a limited set
of model organisms was designated for priority study, and each
of these is detailed below.

From the earliest days of molecular biology, studies with the
simple prokaryote E. coli have revealed many of the fundamental
processes of life. A physical map of the single, circular chromosome
in the form of overlapping bacteriophage clones was completed
in 1987,7! and systematic efforts have now produced the complete
sequence for the ~5 Mb of DNA in the E. coli genome.>* This
DNA sequence is proving valuable for identifying many of the
essential functions needed to maintain independent life as well as
for comparing to other bacterial genome sequences (see Highlights

analyzed'*'%.22 and assembled into contigs. Typically, the resulting nascent
BAC contigs are smaller than the corresponding YAC contig. However, the
gaps between BAC contigs can be filled by various methods (e.g., by
developing new STSs from appropriate BAC ends and then isolating
additional overlapping clones). From the resulting BAC contigs, minimally
overlapping BACs (shown as dotted lines) can be selected and individually
subjected to shotgun sequencing (see text and Fig. 10-16).

of the Human Genome Project below).

Eukaryotic organisms, with their DNA compartmentalized
in nuclei, are evolutionarily very distant from E. coli. The yeast
S. cerevisiae, with a genome size of about ~15 Mb, is the simplest
model organism with a nucleus. Comparison between it and E.
coli is revealing the additional basic functions that distinguish
eukaryotes from prokaryotes. The 16 chromosomes of S. cerevisiae
can be separated by pulsed-field gel electrophoresis,' a set of
overlapping bacteriophage clones representing most of the genome
have been assembled,?®® and both long-range'** and high-
resolution# restriction maps have been constructed for each
chromosome. In turn, the latter physical map proved extremely
valuable to many yeast researchers, including those involved in
the sequencing of the entire yeast genome. In 1996, the sequence
of the yeast genome was completed’?*3?’ (e.g., see http://genome-
www.stanford.edu/Saccharomyces). Yeast geneticists are now
devising myriad approaches for exploiting a complete genomic
sequence for studying complex genetic problems and for probing
subtle aspects of yeast biology.3*7-3%

Next in terms of complexity are the nematode C. elegans
and the fruit fly D. melanogaster, with genomes of ~100 Mb (in 6
chromosomes) and ~160 Mb (in 4 chromosomes), respectively.
As multicellular animals, these organisms share with mammals
specialized cell types such as nerve, muscle, intestine, and gonad.
With the combination of molecular and mutational capabilities
in the context of detailed biological information, these two
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Fig. 10-16 Shotgun DNA sequencing. The dominant genomic sequencing
strategy being used in the HGP is shotgun sequencing, which consists of two
major phases. In the first “random shotgun” phase, a genomic clone (e.g.,
BAC) is subcloned into ~2-kb fragments. Sequence reads are then obtained
from one or both ends of a large number of randomly selected subclones.
Sufficient sequence data are generated such that each nucleotide of the starting
clone is read, on average, about 5 to 10 times. This redundant sequence data
is then analyzed with various computational tools, allowing the assembly of
sequence contigs. Typically, only a handful of gaps between sequence contigs
remain at this stage. In the second “directed finishing” phase, additional data
are generated to complete the sequence, most often by obtaining directed reads
from strategically selected subclones that provide sequence into or across
the remaining gaps. This typically allows the merger of the remaining sequence
contigs to yield a final, contiguous (i.e., finished) sequence, which is then
analyzed to resolve ambiguities, validated by various tests, and annotated with
respect to the location of known genes, ESTs, repetitive sequences, and other
sequence features of interest.

organisms have become powerful systems for studying the role of
numerous genes in development and behavior. For C. elegans,

a detailed physical map and corresponding clone set for
virtually the entire genome have been assembled with
cosmids?’® and YACs.33%351 These clones provided the necessary
templates for systematic genomic sequencing®*!-335 (see http:/
/www.sanger.ac.uk; http://genome.wustl.edu/gsc), which by the
end of 1998 yielded the first complete genomic sequence of a
multicellular organism. This sequence is profoundly enhancing
studies with C. elegans in numerous ways.32353
For D. melanogaster, a well-established cytogenetic map has
been available since the 1930’s—in the form of the famous
polytene chromosomes of the salivary gland. These structures
represent a thousand or more aligned copies of each
chromosome in an extended conformation, so that segments
as close as 20 kb can be resolved, thereby providing a
framework for organizing other mapping information.3%355
Physical mapping of the Drosophila genome is well
underway?*%%7 and is being enhanced by efforts to perform
systematic gene disruptions using P transposable elements.3’8
The sequencing of the Drosophila genome is now largely

complete3*355 (see http://flybase.harvard.edu:7081).

Among the model organisms, the mouse (as a mammal) is
the most closely related to humans in terms of developmental
program and biological complexity. This animal provides the
closely related features of mammalian development and
physiology, but in a system that is powerful in terms of its
potential for genetic manipulation. The availability of fully
inbred strains and a generation time of a few months make
classical genetic studies feasible.?¥*%¢! Furthermore, the ability
to manipulate the mouse germline, including the capacity to add
or delete specific genes en route to the creation of transgenic
mice,>*?3¢ is providing the means for establishing the function
of many genes present in mouse and man3¢13¢83¢9, Also important
is the close evolutionary homology in the arrangement of gene
segments along the chromosomes.360-361,370-3762 Thege features have
prompted a systematic effort to construct genetic and physical
maps of the mouse genome®?377381 (e.g., see http://www-
genome.wi.mit.edu), which is roughly the same size as the human
genome, as well as to develop increasingly robust computational
tools for accessing and analyzing mouse genomic
information.*23% The long-term goal is to establish the complete
sequence of the mouse genome which, by comparison with the
human genome sequence, will enable more precise identification
of genes and their regulatory elements.33%360:384387 In fact, many
believe that the rigorous interpretation of the human genome
sequence will only be possible by comparison with the mouse
genome sequence (and perhaps the genomic sequences of other
more distantly related organisms). Such comparisons should
reveal important evolutionarily conserved sequences, such
as those that encode key structural features of proteins
and those that control the regulation of gene expression. Already,
significant insight has been gained from pilot-scale comparative
analyses of human and mouse cDNA3$3% and genomic®*-3%3
sequences.

While the organisms detailed above are included under the
official umbrella of the currently planned HGP, the successes in
genome mapping and sequencing have catalyzed genome analysis
initiatives for a number of other organisms, including the fission
yeast (Schizosaccharomyces pombe),>****° the laboratory rat
(Rattus novegicus),>**3% the zebrafish (Danio rerio),>**% the
pufferfish (Fugu rubripes),*****° various plant species** (in
particular, Arabidopsis thaliana*''*1*), and numerous bacteria and
other microbes (see Highlights of the Human Genome Project
below). Such studies aim to exploit the unique and specialized
aspects of the particular organisms for various research
applications, to provide a broader collection of organisms from
different points in evolution for comparative analyses, and to
strengthen the ability to perform genetic-based studies in a larger
set of organisms.

THE HUMAN GENOME PROJECT

HISTORY OF THE HUMAN GENOME PROJECT

The official beginning of the HGP in the United States was
heralded on October 1, 1990. However, the intellectual and
administrative processes responsible for the initiation of the
project had already been operating for a number of years before
this.*15*1¢ Detailed historical accounts of the HGP have been
compiled.*'5#% In brief, the origins of the HGP are thought by
most to date back to a meeting in Alta, Utah in 1984, where the
discussion focused on the analysis of DNA for the purpose of
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detecting mutations among atomic bomb survivors.®” Shortly after
this meeting, the concept of a comprehensive program of genome
study was entertained by two groups. First, a 1985 conference in
Santa Cruz, California was convened to examine the feasibility
of sequencing the human genome.% Second, Charles DeLisi
initiated discussions within the Department of Energy about the
merits of genome-wide sequencing.*?’ Because of their interest in
the health effects of radiation and other types of environmental
hazards, the Department of Energy viewed establishing the
sequence of the human genome as critically important for
programs aimed at monitoring DNA sequence changes.
Furthermore, DeLisi contended that the Department of Energy,
with its expertise in a diversity of complementary fields (e.g.,
analytical chemistry, applied physics, engineering, computer
science) and experience at directing large-scale projects, would
be a strong participant for such an endeavor.*> Additional support
for the HGP came independently from Renato Dulbecco, who
argued in 1986 that sequencing the human genome and identifying
all the encoded genes would be an efficient way to expedite cancer
research.®” Importantly, he stressed that it would be more desirable
to elucidate all of this information at once, rather than obtaining
it piecemeal over an extended period of time.

Two highly influential reports published in 1988 guided the
development of the structure and scope of the early phases of the
HGP in the United States—one by the National Research Council
Committee on Mapping and Sequencing the Human Genome*?®
and the other by a committee operating under the auspices of the
United States Congress Office of Technology Assessment.*?”
Together, these reports called for a systematic effort of genome
mapping and sequencing, provided recommendations about the
scope and goals of the effort, outlined the roles for both the
National Institutes of Health and the Department of Energy in
administering the project in the United States, and recommended
funding levels for the endeavor. Of note, the general program
outlined by these reports has remained fundamentally unchanged,
despite numerous advances in the technologies available for
genome analysis. Amidst all these discussions was a significant
amount of intense debate within the scientific community as to
the merits of the HGP,*>#28438 although virtually all of the negative
aspects of this have since waned. The Department of Energy’s
Office of Health and Environmental Research initiated their formal
program in 1987. The Office for Human Genome Research at
the National Institutes of Health was created in 1988; later that
year, this office became the National Center for Human Genome
Research [NCHGR; note that in 1997, NCHGR became an NIH
Institute, the National Human Genome Research Institute
(NHGRI)]. Appropriations for both the Department of Energy
and National Institutes of Health programs were initiated in 1988
(although the Department of Energy’s program started the previous
year using funds diverted from other sources). The first set of
formal goals for the project in the United States were established
in 1990,%? at which time the project officially began.

While the historic roots of the HGP are largely based in the
United States, the project is international in structure and spirit.
In addition to the National Institutes of Health and Department
of Energy orchestrating the HGP in the United States, there are
analogous agencies coordinating efforts underway in other
countries, particularly England, France, Germany, Italy, Canada,
Australia, Japan, and China. In this regard, the project is truly
international in terms of collaboration and coordination.

As an aside, the inclusion of “human” in the name “Human
Genome Project” is, of course, a misnomer, since it does not
accurately reflect the breadth of the overall initiative. Rather, from
the beginning, parallel mapping and sequencing of non-human
model organisms have been central components of the HGP

(see Studying the Genomes of Model Organisms above and
Comparative Study of the Biology of Humans and Other
Organisms below).

SCIENTIFIC PLAN OF THE HUMAN GENOME PROJECT

In the United States, the currently planned HGP has a 15-year
timetable. Since its inception, the project has been associated with
carefully crafted milestone-oriented goals that reflect current and
realistic near-term capabilities, including an initial set established
in 19904042243 and two successive sets of five-year goals starting
in 19930 and 1998.%! The key elements of these goals have
focused on establishing infrastructure, developing requisite
technologies, and generating the necessary inventories of data.
At the same time, the goals have attempted to be visionary, flexible,
and integrated with the ongoing planning process but openly
acknowledged as transient in nature, due to the continual advances
in the technologies for genome analysis.** Finally, the formulation
of these goals has been accompanied by critical discussions of the
evolving plans for the project by some of the key
participants. 256336342442

A summary of the 1998-2003 goals for the United States
HGP**! is provided in Table 10-1. A number of important points
about these goals should be emphasized. First, completing the
human genome sequence by 2003 represents the highest-priority
goal (see Sequencing the Human Genome below). In fact, the
initiation of this effort occurred two years earlier than originally
anticipated. Second, associated with sequencing the human
genome are plans to improve further DNA sequencing technology,
so as to make the sequencing of other genomes as well as the
resequencing of human DNA as efficient and cost-effective as
possible. Third, plans to catalog common human sequence variants
are included within the HGP for the first time. Studies of human
sequence variation represent a critical and rapidly evolving growth
area in human genetics.?’® New initiatives will include the
construction of a third-generation, SNP-based genetic map of the
human genome (with the first two generation genetic maps being
composed of RFLPs/VNTRs and STRs, respectively; see
Construction of Genetic Maps above; also see http://
www.ncbi.nlm.nih.gov/SNP). Fourth, also emphasized within the
HGP goals are a series of activities falling under the general
category of “functional genomics,”** an area of genome research
that broadly deals with the development and implementation of
technologies for exploiting complete genomic sequence. For
example, this includes techniques for examining gene expression
on a genome-wide scale (e.g., see DNA Chips above). At the
forefront of many areas of functional genomics are yeast, C.
elegans, and D. melanogaster geneticists, who are fortunate to
have complete genomic sequence for their organisms of study.
Included among the numerous initiatives in functional genomics
are efforts to generate improved (e.g., full-length) cDNA libraries
and derive complete cDNA sequences for comprehensive sets of
human and other organisms’ genes. Fifth, the HGP will continue
to emphasize comparative genome analysis of model organisms,
for the first time including explicit plans for obtaining the complete
mouse genomic sequence. Finally, the HGP goals include efforts
to support a range of associated activities, including those aiming
to foster the development of improved computational genomics
tools, those addressing the important ethical, legal, and social
issues relating to genome mapping and sequencing (see Ethical,
Legal, and Social Implications of the Human Genome Project
below), and those supporting the training of individuals in genome
research. Of note, the latter will intentionally include the
recruitment of investigators with expertise outside of biology (e.g.,
engineering, chemistry, physics) into the field.**
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Table 10-1

Summary of the 1998-2003 Goals
for the United States Human Genome Project

Human Genome Sequence: Complete the human genome sequence by the
end of 2003 while emphasizing the establishment of a “working draft” version
for at least 90% of the genome by 2000, the development of a sustainable
capacity for large-scale sequencing, the generation of large contiguous stretches
of high-quality sequence, and the provision of ready access to the data.

Sequencing Technology: Continue incremental improvements in current
sequencing methods so as to increase the throughput and reduce the cost of
sequencing, with emphasis on automation, miniaturization, and process
integration. In parallel, support interdisciplinary research for developing novel
sequencing technologies and the means for implementing such technologies
into established sequence-producing operations.

Human Sequence Variation: Develop the technology for rapid, large-scale
identification and scoring of SNPs, with the aims of identifying and cataloguing
the common variants in the coding regions of the majority of human genes and
creating a human SNP map of at least 100,000 markers. In addition, establish
the intellectual foundations and requisite public resources of DNA samples and
cell lines for studying human variation.

Technology for Functional Genomics: Generate complete sets of full-length
cDNA clones for humans and model organisms, develop the technology for
defining the spatial and temporal patterns of gene expression, design new
strategies for the global study of noncoding sequences, design new approaches
for systematic mutagenesis of genes, and advance the understanding of protein
function on a genome-wide basis.

Comparative Genomics: Complete the sequence of the C. elegans genome
by 1998 and the Drosophila genome by 2002. For mouse genome analysis,
develop more detailed physical and genetic maps, construct additional cDNA
resources, and, by 2005, complete the genomic sequence. Identify and initiate
studies on other model organisms that will markedly contribute to the
understanding of the human genome.

Ethical, Legal, and Social Implications (ELSI): Examine the issues
surrounding the completion of the human genome sequence and the study of
human genetic variation, study the issues raised by the integration of genetic
technologies and information into health care, public health activities, and
nonclinical settings, and explore how the new genetic information will influence
various societal issues related to genetics.

Bioinformatics and Computational Biology: Develop better tools for data
generation and capture, improve the content and utility of databases, create
mechanisms for sharing and disseminating exportable software, and construct
appropriate tools and databases for dealing with comprehensive studies of gene
expression and function as well as with sequence homology and variation.

Training and Manpower: Facilitate the training of new scientific specialists
with expertise in genomics research (including the recruitment of non-biological
scientists from fields such as computer science, engineering, mathematics,
physics, and chemistry) and aid in the establishment of academic career paths
for genome scientists. Increase the number of scholars who are knowledgeable
both in genetics and in ethics, law, and social sciences.

Source: From Collins et al.*!

HIGHLIGHTS OF THE HUMAN GENOME PROJECT

To date, the HGP has achieved virtually all of its well-formulated
goals. Various reviews have charted this progress.23#24445-447 While
numerous individual accomplishments can be cited, several major
areas of highlights should be emphasized. These are best
appreciated when considered within the context of the planned
timetable for the HGP with respect to the construction of genetic,
physical, and sequence maps of the human genome (Fig. 10-17).

With respect to genetic map construction, a high-resolution
human genetic map consisting of PCR-based, STR-type markers
has been assembled?53?¢7 (e.g., see http://www.genethon.fr/

genethon_en.html), with the total number of markers generated
to date far exceeding the number proposed for the HGP.
Specifically, the original goal for the HGP was the development
of ~1500 microsatellite-based genetic markers (thus providing a
genetic marker, on average, every 2 to 5 cM); to date over 20,000
such markers have been generated.

With respect to physical map construction, the initial goals
of the HGP included establishing complete clone coverage of the
human genome and mapping an STS, on average, every ~100 kb
across all human chromosomes. Targeted efforts to construct YAC-
based physical maps (mostly by STS-content mapping) have been
completed for a handful of individual human chromosomes.”>
93:99-107 In addition to these studies have been analogous genome-
wide mapping efforts®%?® (e.g., see http://www-
genome.wi.mit.edu and http://www.cephb.fr/bio/ceph-genethon-
map.html). Attainment of better than 100-kb average STS spacing
has been reported for two human chromosomes, X'% and 7.1%7
Supplementing the YAC-based physical map of the human genome
is an evolving STS-based radiation hybrid map?*'3% (also see
http://shgc-www.stanford.edu).

In parallel to human genome mapping have been efforts to
construct genetic and physical maps of the mouse genome. In
particular, markedly improved STR-based genetic maps of the
mouse genome have been assembled.?”73% Similarly, a first-
generation YAC-based physical map of the mouse genome has
been constructed (e.g., see http://www-genome.wi.mit.edu).

With respect to DNA sequencing, the initial emphasis of the
HGP was to improve the efficiency of existing methods, to develop
new technologies, and to begin systematic sequencing of model
organisms. These efforts produced the complete DNA sequences
of the S. cerevisiae®*>3?* (e.g., see http://genome-www.stanford.edu/
Saccharomyces), E. coli,?3® C. elegans331-33% (see http://
www.sanger.ac.uk and http://genome.wustl.edu/gsc), and D.
melanogaster genomes.

The refinement of strategies for performing large-scale DNA
sequencing within the HGP has led to another major set of
accomplishments: the complete genomic sequencing of numerous
microorganisms.*%45 In fact, elucidating the sequence of a whole
microbial genome is now considered a relatively straightforward
endeavor. Among the sequenced microbes are bacteria of major
medical importance, such as E. coli,*® H. influenzae,*” M.
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Fig. 10-17 Timetable for human genome analysis in the HGP. The
approximate schedule for completing the human genetic, physical,
and sequence maps in the HGP is depicted.
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tuberculosis,*® H. pylori,° B. burgdorferi,*® M. genitalium,*!
T. pallidum,*?> C. trachomatis,*® R. prowazekii,*** and many
others. Similar efforts to sequence the genomes of medically
important parasitic pathogens, such as T. brucei and P.
falciparum,*®3 are also being performed. An updated listing of
sequenced microbial and parasitic genomes is available on the
Web (http://www.tigr.org/tdb). In addition to providing insight
about the genetic bases of microbial physiology, evolution, and
virulence, studying the complete genomic sequence of important
infectious pathogens should facilitate the development of more
robust diagnostic tests, the design of improved antimicrobial
agents, and the identification of candidate vaccine targets.*#%451:453

In the case of sequencing human DNA, the early emphasis
was on the generation of ESTs (see cDNA Sequencing above).
Large collections of human ESTs have been established3'*31 (see
http://www.ncbi.nlm.nih.gov/dbEST), which in turn have been
used to construct a radiation-hybrid-mapping-based transcript
map of the human genome**** (see http://www.ncbi.nlm.nih.gov/
genemap98) that may already contain upwards of half the human
genes. Perhaps the most striking highlight of the HGP related to
DNA sequencing, however, is the realization that the human
genome will be sequenced shortly after we enter the next
century336:338:342 (see Sequencing the Human Genome below).

A final highlight of the HGP worth noting is the continual
and consistent emphasis on generating high-quality mapping and
sequencing data. For example, criteria for monitoring progress
and completeness of physical maps have been established.*6*#65
Similarly, the maintenance of rigorous accuracy standards for
DNA sequencing, in particular for the generated human genome
sequence, is viewed as a high priority.*¢

SEQUENCING THE HUMAN GENOME

The early phases of the HGP have brought major advances in the
approaches for performing large-scale DNA sequencing.
Numerous factors have contributed to this, including subtle
improvements in instrumentation, optimized experimental
methods, and refined operation of large production groups (see
Genomic Sequencing above). These developments, in conjunction
with the successful construction of physical maps of human
chromosomes, resulted in the earlier-than-anticipated launching
of efforts to sequence the human genome,*%34 with the aim of
completing the first-generation sequence by 2003 (Fig. 10-17).
The year 2003 is particularly significant, since it will mark the
50 anniversary of the discovery of the double helix structure of
DNA by James Watson and Francis Crick.!®

Within the HGP, sequencing of the human genome is being
performed using a clone-by-clone approach, whereby individual
mapped clones (BACs or PACs) are sequenced, most often by a
shotgun sequencing strategy3*> 342 343 (see Figs. 10-15 and 10-
16). However, other options have been proposed. For example,
some have advocated applying a shotgun sequencing strategy to
the entire human genome en masse (a “whole genome shotgun”).4¢”
While strong arguments against such a strategy have been made,**
at least one private company is pursuing this general plan using a
recently developed sequencing instrument.*®®

Several additional points about the ongoing efforts to
sequence the human genome deserve mention. First, this activity
is being carefully coordinated at an international level,*” so as to
complete the sequence as rapidly as possible, avoid unnecessary
duplication, and share technical advances and expertise. Second,
all sequence data being generated by the publicly funded HGP
are made available via the Web on a regular basis (typically
nightly). Note that this includes both the final, finished sequence

of individual clones as well as the evolving, preliminary sequence
data of clones whose analysis is still in progress (see Fig. 10-16).
Such a policy of “immediate data release” has been widely
supported by the participating groups,*’"*’? although this has not
been without some debate about its desirability.*”> Third, en route
to completing the human genome sequence, a major effort is being
made to generate as much preliminary sequence data as rapidly
as possible, with the aim of producing a “working draft” version
of the sequence for at least 90% of the human genome by the end
of 2001.*! Fourth, care has been taken to protect the individuals
whose DNA is being sequenced by the HGP; specifically, several
new BAC libraries designated for use in sequencing the human
genome have been constructed from the DNA of anonymous
individuals. In this regard, it is worth noting that the first-
generation sequence of the human genome will consist of a
patchwork of sequences from multiple individuals. Finally, the
HGP aims to generate a highly accurate sequence of the human
genome, with an error rate of 10 (or less) accepted as the standard
for finished sequence.*® Available data indicate that such an
accuracy level is being achieved.

IMPACT OF THE HUMAN
GENOME PROJECT ON THE
STUDY OF HUMAN DISEASE

The HGP promises to provide a number of interrelated benefits
to biology and clinical medicine. These include an improved ability
to isolate, characterize, and manipulate the genes involved in
normal physiology and human disease. Numerous reviews have
detailed how the HGP will impact various areas of clinical
medicine. 474486

IMPACT OF THE HUMAN GENOME PROJECT ON THE
POSITIONAL CLONING OF HUMAN DISEASE GENES

Background on positional cloning. Thousands of genes are known
to cause disease when present in a mutated form (see http:/
www.ncbi.nlm.nih.gov/omim). Of course, the number of genes
that influence human diseases in a more indirect fashion is
undoubtedly much higher. A major effort of modern molecular
genetics is to identify the genes that are in some way associated
with human disease.

The identification and isolation of human disease genes has
largely occurred by one of two basic strategies: functional cloning
and positional cloning!? (Fig. 10-18). With functional cloning,
the disease gene is isolated as a result of preexisting knowledge of
the fundamental physiological defect, which provides sufficient
insight about the function of the protein encoded by the defective
gene. Often, the cloning of the gene is preceded by the purification
of its protein product or by the acquisition of sufficient
information about the protein’s function. Thus, in functional
cloning, mapping the gene follows its isolation (Fig. 10-18). Classic
examples of disease genes identified by a functional cloning
strategy include B-thalassemia,*” phenylketonuria,** and glucose-
6-phosphate dehydrogenase (G6PD) deficiency.*®

For most of the myriad genetic disorders (including the
probable thousands not yet uncovered), there is little to no
advanced insight about the function of the defective gene. In the
great majority of cases, biochemical studies fail to provide any
meaningful clues. For studying these more typical genetic diseases,
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the strategy of positional cloning has been refined in recent years'
8 and successfully employed for isolating numerous disease genes
(see http://genome.nhgri.nih.gov/clone). With positional cloning,
isolation of the gene follows the establishment of its position
within the genome by genetic and/or physical mapping techniques.
In most cases, these efforts proceed with limited knowledge of
the gene’s function or the nature of the underlying pathological
process. Thus, in this strategy, mapping precedes cloning (moving
in the opposite direction as functional cloning), and gene function
is defined only after the gene has been isolated and characterized
(Fig. 10-18). While this process was originally called “reverse
genetics,”*%4% this somewhat incorrect terminology has now been
abandoned.!

Isolation of disease genes by positional cloning. The identification
and isolation of disease genes by a positional cloning strategy can
be conceptually divided into the series of steps depicted in Fig.
10-19, each of which is discussed below.

The starting point for positional cloning is the collection of
families with multiple affected individuals, preferably in several
generations. Of critical importance is the establishment of the correct
phenotype for as many family members as possible and the isolation
of DNA from these individuals. Discrepancies between an
individual’s phenotype and genotype can be due to: (1) an incorrect
diagnosis (i.e., phenotype assignment); (2) genetic heterogeneity
(defects in more than one gene being associated with the phenotype);
(3) incomplete penetrance (some individuals inheriting the defective
gene do not express the phenotype, or at least not at the time of
evaluation); or (4) a mix-up of the DNA sample(s). Thus, significant
effort must be invested during the collection of family resources to
minimize errors, especially those caused by preventable mistakes.

In the next stage of positional cloning, the general region of
the genome containing the defective gene is identified. In the ideal
case, the disease is closely associated with a cytogenetic
abnormality(s), which immediately defines the critical region
harboring the gene (since such a cytogenetic alteration is likely to
have interrupted the gene or its regulatory element). Examples of
diseases associated with cytogenetic abnormalities include genetic
disorders (e.g., Duchenne muscular dystrophy,?*°
neurofibromatosis,*+*** fragile X syndrome,?*! Lowe syndrome*®)
and various types of cancer®* (see http://www.ncbi.nlm.nih.gov/
CCAP/mitelsum.cgi).

The great majority of genetic diseases are not, however,
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Fig. 10-18 Functional versus positional cloning of disease genes. In
functional cloning, the study of gene function precedes gene identification.
In positional cloning, gene mapping precedes gene identification. The
last step in each case (gene mapping and defining gene function,
respectively) is not critical for the isolation of the disease gene itself.
(Adapted from Collins.")
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Fig. 10-19 Positional cloning of human disease genes. The major steps
involved in the isolation of human disease genes by a positional cloning
strategy are depicted (additional details are provided in the text). In the
hypothetical example shown, a single base change (A — T) results in an
amino acid change (Glu — Val) in the encoded protein, which in turn causes
the disease. Remarkably, such a single-base-pair change in the ~3-billion-
base-pair human genome can be lethal.

associated with cytogenetic abnormalities. For these disorders,
genetic mapping is used as the front-line tool for identifying the
general genomic region containing the gene. At first, DNA samples
from multiple family members are analyzed for a set of genetic
markers spread across the genome, searching for one (or a few)
that shows linkage (coinheritance) with the disease. If successful,
this typically assigns the defective gene to a rough chromosomal
location, usually spanning tens of millions of base pairs. More
refined localization is then accomplished using additional genetic
markers that map nearby. The extent to which the region can be
delimited by genetic mapping depends on a number of factors,
such as the quality of the family resources (e.g., family size,
availability of DNA) as well as the number, distribution, and
informativeness of the genetic markers in the region. A critical
component of this type of genetic mapping is the use of
sophisticated computational tools for calculating the various
parameters to determine if sufficient data have been collected to
allow confident establishment of linkage using the available
pedigrees.?¢!

In the best cases, genetic mapping allows the critical region
to be limited to ~1 ¢cM; however, the corresponding physical size
of such a region can vary widely due to regional and sex-specific
differences in recombination rates. Typically, ~1 ¢M in genetic
distance corresponds to roughly 1 to 3 Mb, and such a DNA
interval can then usually be analyzed by physical mapping
methods. Most often, the closest mapping genetic markers are
used as the starting points for clone isolation (e.g., YACs, BACs).
If necessary, new markers can be derived from the ends of isolated
clones and then used to identify new, overlapping clones. The
iterative isolation of adjacent, overlapping clones by such a
strategy is called “chromosome walking.” Additional markers can
also be derived from the targeted region by other strategies (see
Generation of STSs above) and used for clone isolation. In the
ideal cases, the entire genomic interval between the flanking genetic
markers is isolated in cloned form. The resulting clones can be
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used for developing additional genetic markers (to reduce further
the critical region by genetic mapping) and, importantly, for gene
isolation.

A particularly challenging step in a positional cloning
approach is the identification of encoded genes within the critical
region.”$¥7500 A number of different strategies have been
developed for detecting genes in large genomic clones (e.g., YACs,
BACs, PACs, Pls, cosmids) (Table 10-2). In general, each of these
methods is relatively labor intensive, suffers from a number of
inherent limitations, and is rarely used alone during the search
for a disease gene.

One major class of techniques for identifying coding regions
within genomic clones employs DNA-DNA hybridization-based
methods (Table 10-2). For example, small DNA fragments derived
from a starting genomic clone can be used to probe DNA from a
variety of different animal species (immobilized on a membrane
referred to as a “zoo blot”). Detection of cross-hybridizing (i.e.,
presumed homologous) DNA suggests the presence of sequences
that may have been evolutionarily conserved and therefore are
likely to be essential for biological function. The same probes can
also be hybridized to mRNA derived from various human tissues
(immobilized on a membrane referred to as a “northern blot”%)
to detect the presence of expressed sequences. A wide survey of
tissues is advisable, especially since the expression pattern of the
gene is generally unknown at this stage. Finally, the probes can
be used in conjunction with rare-cutting restriction enzymes to
search for the presence of CpG islands, which often (but not
always) mark the 5’ ends of genes. #7503

Alternatively, genomic clones can be used either to probe
directly cDNA libraries’” (made from the mRNA of particular
tissues) or to capture cDNA sequences by a method known as
“direct cDNA selection.” 5% In the latter technique, DNA from
the genomic clone is used as an “affinity matrix” to capture
complementary sequences present in mRNA mixtures or cDNA
libraries. There are a number of important issues regarding the
source of mRNA or ¢cDNA libraries for gene isolation. First, a
particular gene will only be identified if it is expressed in the tissue
from which the mRNA or ¢cDNA library was derived. Second,
not all mRNA molecules are expressed at equal levels in a
particular tissue. In fact, some genes are expressed at exceedingly
low levels, and these can be particularly difficult to isolate. One
route for overcoming this general problem is to use “normalized”
libraries that contain a more equal representation of different
cDNA sequences, regardless of the initial levels of the
corresponding mRNA molecules.303-307

A second class of strategies for gene isolation exploits
particular aspects of gene structure or function (Table 10-2). In
one approach, the presence of sequences necessary for proper
removal of introns (called “splice junctions™) allows the isolation
of the adjacent exon by a technique called “exon amplification”
or “exon trapping.”*!*% Similar approaches for trapping the most
3’-terminal exon in a gene (using the associated polyA tract as
the signal) have also been developed.®!551¢ Alternatively, some
genes can be isolated by transferring the cloned genomic DNA
into an appropriate mammalian cell and selecting for the function
of the gene. Of course, the latter approach requires some prior
information about the likely function of the gene itself.

A final class of gene identification strategies involves the
analysis of DNA sequence derived from the critical region (Table
10-2). Approaches for examining both partial (incomplete) or
finished (complete) sequence data are available. For example, one
strategy for gene identification involves generating random
sequences from a clone(s) of interest such that each nucleotide is
read, on average, 1 to 2 times (similar to the first phase of a shotgun
sequencing project; see Fig. 10-16 and Genomic Sequencing

Table 10-2

Strategies for Identifying Genes
in Large Genomic Regions

DNA-DNA Hybridization Based
Using Small DNA Fragments
< Analysis of DNA from Other Organisms (“Zoo Blots”)
« Analysis of RNA from Individual Tissues by Northern Blotting
< Identification of CpG Islands

Using Large Genomic Clones (e.g., YACs, BACs, PACs, P1s, Cosmids)
“ Hybridization-Based Screening of cDNA Libraries
< “Direct Selection” of cDNAs Using Immobilized DNA

Function Based
“ Exon Trapping/Amplification
< PolyA Signal Trapping
“ Gene Transfer and Transcript Identification

DNA Sequence Based
< Comparison to Sequence Databases (ESTs, Known Genes)
< Detection of Open Reading Frames (ORFs)
< Prediction of Coding Sequences
« Comparison to Sequences from Other Organisms

Source: Adapted from Collins.’

above). All resulting sequence data, which mostly consist of
unassembled individual sequence reads, are then compared to
available databases (e.g., dbEST, see http://www.ncbi.nlm.nih.gov/
dbEST; see cDNA Sequencing above) using various computational
tools.225226517 Resulting sequence matches are suggestive of genes
and require more careful analysis and follow-up studies. This
general strategy, called “sample sequencing,” has proven effective
for the identification of important human disease genes.’'$"
Completed genomic sequence is, of course, even more amenable
to computational analyses for identifying genes, with increasingly
sophisticated tools becoming available for predicting the presence
of genes?®2% and performing complex sequence comparisons?**
228 (see Computational Genomics above).

All genes identified within a critical region become candidate
genes for that disease. Proof that a particular gene is the correct
one requires demonstration that the disease is associated with
mutations in that gene. Thus, the next stage of analysis involves
the difficult task of searching for mutations within candidate
genes®?*2! and demonstrating that such mutations show the proper
inheritance (e.g., recessive, dominant) relative to the disease. These
genetic alterations can range from single-base-pair changes to more
gross aberrations (e.g., large deletions,’?? expanded tracts of
trinucleotide repeats®?**%). While mutations can occur anywhere
within a gene (including its regulatory elements and introns), the
majority of mutations reported to date have been within coding
regions.

Often, the initial screening for mutations in affected
individuals involves analyzing the gene for gross rearrangements
by conventional and pulsed-field gel electrophoresis. Most often,
this fails to demonstrate a mutation, and the effort then shifts to
searching for more subtle DNA alterations involving one or a
few nucleotides.’2*%! A number of techniques have been developed
for this purpose, including denaturing gradient gel electrophoresis
(DGGE),’?¢528 RN Ase’?*3 or chemical®! cleavage of mismatches,
single-strand conformation polymorphism (SSCP) analysis,*? and
direct DNA sequencing. Ultimately, DNA sequencing must be used
to establish the precise nature of any mutation. With improved
methods now available, direct DNA sequencing is increasingly
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being used for mutation detection rather than these other
methods.

An issue that must be continually addressed during the
mutation-detection stage of a positional cloning project is the
discrimination between innocent sequence polymorphisms (which
may simply be linked to the nearby disease gene) and actual
mutations (which cause the disease). Insight about the potential
effect of a given mutation (e.g., changing an amino acid at a
predicted key site in the protein) can often provide strong
supportive evidence for its role in the disease. However, the
ultimate proof that a candidate gene is the correct one often
requires evidence that the normal form of the gene can correct
the abnormal phenotype and/or that the mutant form of the gene
can cause the abnormal phenotype.

Impact of the human genome project on positional cloning. The
HGP is dramatically simplifying the process of positional cloning
by improving virtually every one of its steps. First, the availability
of higher-resolution genetic maps, better sets of informative STR-
type markers, and more efficient methods for genotype analysis
is allowing human disease genes to be assigned to more precise
genetic locations. Similarly, the construction of comprehensive
physical maps of each chromosome, including the assembly of
associated clone sets and the localization of genes and ESTs, is
dramatically reducing the time it takes to isolate and characterize
critical regions for genes of interest. Finally, advances in DNA
sequencing are making sequence-based gene discovery and
mutation detection more routine and robust.

With the increased mapping of genes and ESTs throughout
the human genome, a variant form of positional cloning, termed
“positional candidate cloning,?” has come to the forefront. In
this strategy, a genetically defined critical region for a disease
gene is identified and then evaluated for the presence of already
mapped, viable candidate genes. Should such an available
candidate gene turn out to be the disease gene of interest, then
the steps involving the cloning of the region and the isolation of
genes can be skipped entirely. Thus, in this approach, information
about both the physical position and the likely candidacy of a
gene is used to implicate it as the cause of a genetic disease. As a
result of the increased number of mapped and characterized genes,
it is now more common to identify a human disease gene by a
positional candidate approach than by a pure positional cloning
approach.

Overall, there is a strong correlation between the amount
of mapping and sequencing data generated by the HGP and the
rate at which human disease genes have been identified by a
positional cloning or positional candidate approach (e.g.,
compare Fig. 10-17 and http://genome.nhgri.nih.gov/clone). In
many cases, the contribution by the HGP to the identification
of the gene has been subtle, while in other cases it has been
critical.33%-538

Important future studies in human genetics will involve
unraveling the genetic bases of diseases that are particularly
complicated to study, such as those that are rare (and have
limited family resources available), are caused by defects in more
than one gene (polygenic diseases), or are a consequence of
combined genetic and nongenetic factors (multifactorial)!317.
Perhaps the greatest ultimate impact of the HGP will be to
improve the capacity for defining the genetic alterations
associated with such medically important, genetically complex
diseases. For example, studying polygenic disorders is inherently
difficult in humans, in part because of the small pedigree sizes
and lack of controlled matings. More detailed genomic maps

[including a dense SNP map (see http://www.ncbi.nlm.nih.gov/
SNP) and, eventually a whole-genome sequence map] should help
to overcome such limitations, allowing more precise correlation
between sequence variation and heritable phenotypes to be
made.'3!7 In addition, newer technology may eventually allow
specific steps in a standard positional cloning strategy to be
bypassed. One such technique is genome mismatch scanning,>*54
which is a sophisticated method that allows the regions that are
identical between different genomes (such as those concordant
for a particular trait) to be isolated.*3*%4:542 This technique, which
can be combined with DNA chip detection schemes to identify
corresponding clones containing the DNA of interest,’* may
allow the genetic-mapping stage of positional cloning (i.e.,
marker-by-marker genotyping) to be skipped. Thus, such a
method may allow the rapid isolation of those genomic regions
containing genes for genetically complex diseases. Together, the
improved genomic infrastructure provided by the HGP coupled
with more sophisticated technologies should greatly help to define
the polygenic factors underlying human disease susceptibilities
and predispositions.

COMPARATIVE STUDY OF THE BIOLOGY
OF HUMANS AND OTHER ORGANISMS

From the onset, a major component of the HGP has been to map
and sequence the genomes of model organisms whose biological
properties have been examined for decades by geneticists,
biochemists, and physiologists (see Studying the Genomes of
Model Organisms above). In fact, analyzing the genomes of model
organisms has played a critical role in developing the strategies,
technologies, and infrastructure needed for studying human DNA.
However, the actual mapping and sequencing of the human
genome will almost certainly be more straightforward than the
difficult and challenging task of determining the functions of genes
and the bases of human genetic disease. In this regard, the
knowledge gained from research on model organisms will provide
a framework for utilizing the reagents and information produced
from human genome studies. The strong emphasis on studying
model organisms within the HGP is based on the fundamental
feature of biology that all organisms are related through a
common evolutionary tree and share the same general type of
DNA blueprint, with a tremendous degree of conservation of
gene structure and function existing across a diverse array of
organisms.

The accomplishments of the HGP have catalyzed several
major efforts aiming to make connections between gene structure
and function in model organisms and that in man. For example,
the availability of the complete yeast sequence’*33¥ (e.g., see
http://genome-www.stanford.edu/Saccharomyces) is allowing the
systematic cross-referencing of yeast genes with those in the
human genome,’**54 with particular emphasis on identifying,
cataloging, and studying those genes associated with human
disease.’*755! A similar effort is underway for comparing fruit fly
(Drosophila) and human genes.>**

As a result of these and various other studies, there are now
numerous examples where the study of a gene in bacteria, yeast,
worms, fruit flies, and/or mice has provided important insight
about the function of a particular human gene.?'*3% Remarkably,
it is often the case that the human gene can functionally substitute
for its counterpart, even in the distantly related yeast S. cerevisiae.
A very small but illustrative sampling of cases where sequence
homology and/or cross-species functional studies have proven
valuable includes:
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(1) The yeast STE6 gene, which encodes a protein required for
secreting a peptide pheromone factor involved in yeast
mating,**® is highly homologous to the human MDR1
(multidrug resistance) gene, which encodes a protein that
renders tumor cells resistant to a number of
chemotherapeutic agents.*>* This strong sequence similarity
motivated researchers to transfer the mouse homologue of
the MDR1 gene into a mutant yeast strain defective in the
STEG6 gene; remarkably, the mouse gene was able to correct
the mutant phenotype in the yeast.’*

(2) The gene mutated in neurofibromatosis type 1, a common
autosomal dominant disease associated with a constellation
of symptoms (including characteristic neurofibromas), was
cloned*** and found to be highly homologous to the
mammalian RAS GTPase activating gene**%7 and two yeast
genes called IRAT and TRA2.5575%% Gene transfer experiments
demonstrated that a segment of the mammalian
neurofibromatosis type 1 gene can complement (i.e., correct)
the function of defective IRA genes in yeast.’*’

(3) The human ERCC-3 gene encodes a presumed DNA helicase
involved in repairing specific types of DNA damage, and
defects in this gene are responsible for two rare genetic
diseases: xeroderma pigmentosum and Cockayne
syndrome.**® A Drosophila gene called haywire appears to
be the fruit fly equivalent of ERCC-3, and mutations in
haywire result in some of the same effects as those seen in
xeroderma pigmentosum.**® However, not all haywire alleles
are associated with the identical phenotype. This information
may help to explain the variability in symptoms seen in
different xeroderma pigmentosum and Cockayne patients.

(4) The yeast SGS1 gene, which encodes another DNA helicase,
is closely related to the human Werner’s syndrome gene.*¢!
Mutations in these genes result in a premature aging
phenotype in yeast and humans, respectively, revealing a
conserved mechanism of cellular aging.

(5) There are now numerous examples where the close
evolutionary relationship between mice and humans has been
exploited to understand the function of particular human
genes. In fact, such studies provide a key rationale for the
comparative mapping®*37¢ and sequencing®**3% of the
human and mouse genomes.***3¢%3%7 Increasingly, gene-
characterization studies in either human or mouse quickly
broaden to include examining the gene in the other species.
This scenario has been particularly valuable for the study of
human disease genes®!. Myriad examples can be cited where
important biological insight was gained by combined human
and mouse genetic analysis; however, a strikingly dramatic
example is the study of mouse obesity mutants.’®> Here, the
complicated task of unraveling the genetic bases of human
obesity’®® was aided by the identification of the mouse 0b
gene,>** which encodes the protein leptin. This discovery has
revealed a new physiological pathway for weight control
and catalyzed numerous new experimental initiatives aimed
at examining the role of leptin in human obesity, identifying
the other critical components in the leptin pathway, and
developing possible pharmacological agents for therapeutic
weight control.’®

In short, it is now clear that comparative genome analysis is
a powerful approach for characterizing gene structure and
function. In this regard, knowledge of the complete sequence of
the human genome and that of an increasing number of other
organisms should be regarded as the ultimate framework for
deciphering the functional information encoded in DNA.

ADVANCES IN MOLECULAR DIAGNOSTICS RESULTING
FROM THE HUMAN GENOME PROJECT

Molecular diagnostics can be broadly defined as the testing of
DNA (or RNA) within a clinical context, and this medical
discipline is rapidly growing in scope and importance.*¢¢7! The
applications of molecular diagnostics span a wide range of human
disorders, including tests for hereditary, neoplastic, and infectious
diseases.

The HGP will accelerate the growth of molecular diagnostics
in two respects. First, by facilitating the identification of disease
genes (see Impact of the Human Genome Project on Positional
Cloning above), an increasing number of clinically relevant, human
mutations will be uncovered. With this growing insight about the
genetic bases of disease will come increased opportunities to make
diagnostic and prognostic assessments based on examination of
an individual’s DNA. Second, many of the same methods and
instruments being developed to construct genetic, physical, and
sequence maps of the human genome are finding immediate utility
for testing DNA in a clinical setting.*¢*>7' A prelude of this
phenomenon is already evident with PCR, which is already being
used extensively for clinical testing. A typical molecular diagnostic
laboratory in the future will likely perform hundreds if not
thousands of PCR assays per day, with any refinements made by
the HGP for high-throughput PCR testing being of immediate
utility. However, it is likely that such a laboratory will not have
benches filled with PCR machines, gels, and power supplies; rather,
there will inevitably be numerous advances with respect to
automation and miniaturization, such as the implementation of
various types of DNA chips (see DNA Chips above). Thus, the
insight gained about the genetic bases of human disease in
conjunction with the continued developments in experimental
genetic technologies should dramatically enhance the ability to
perform diagnostic DNA testing.

PROSPECTS FOR THERAPEUTIC BENEFITS
FROM THE HUMAN GENOME PROJECT

The HGP promises to transform the ability to understand human
genetic diseases by providing a unique interplay between genetics
and clinical medicine. For all of the reasons discussed above,
physicians and scientists should gain new insights about the
genetic components that contribute to disease and acquire better
means for establishing whether a patient has inherited a genetic
defect. However, the full impact of the HGP should extend beyond
these areas, and, in the long run, enhance the ability to treat
patients with genetic abnormalities.

A number of interrelated aspects of the HGP offer the
potential for having a positive impact on patient care. First, for
some genetic disorders, presymptomatic knowledge of an
inherited defect can provide meaningful opportunities for the use
of preventive measures (e.g., lifestyle alterations, increased
surveillance to aid early diagnosis, targeted intervention) that
may serve to minimize morbidity. As the HGP progresses, an
increasing number of genes for diseases in this category are being
discovered. Second, the improved capacity to define the precise
molecular defects causing genetic diseases should aid efforts to
elucidate the underlying pathophysiology. Such knowledge should
facilitate the design of more rational treatments for genetic
diseases, which could include the development of better
pharmacologic agents, the exogenous synthesis and delivery of a
missing gene product, or the introduction of the normal form of
a gene into an affected patient (i.e., gene therapy*”>>7). Of note,
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the latter might eventually include the use of “mammalian
artificial chromosome” (MAC) vectors 3737 for gene therapy;
some of these vectors are being adapted from cloning systems
used for genome mapping (e.g., YACs).

One notable and rapidly evolving area of therapeutics that
directly relates to the HGP involves unraveling the genetic basis
of drug responsiveness. Specifically, this discipline (called
“pharmacogenomics” or “pharmacogenetics”) focuses on
elucidating the genetic determinants that affect drug action, with
the long-term goal of establishing diagnostic tests and customized
therapeutic regimens that will allow drugs to be prescribed in
safer and more effective fashions***5%1. This involves correlating
drug responsiveness with genetic variation, which often will be
subtle and complex.’®>'83 However, the products of the HGP
should make this task more approachable. Successes in
pharmacogenomics may help to remove the empiric nature
associated with many aspects of drug therapy and provide more
rational approaches for predicting how individuals will respond
to particular therapeutic modalities.

ETHICAL, LEGAL, AND SOCIAL
IMPLICATIONS OF THE
HUMAN GENOME PROJECT

With the fruits of the HGP, including both the mapping and
sequencing data and the improved technologies for studying DNA,
has come the identification of numerous substantive ethical and
policy issues. For example, one of the early anticipated benefits of
the HGP—the ability to identify and isolate genes that play important
roles in human disease—has indeed become a reality. However, in
most cases, cloning a human disease gene is only the first step in the
long process towards developing a rational therapy. Since the latter
almost always lags behind the generation of new diagnostic tests,
the identification of disease genes typically provides the ability to
identify individuals at risk for disorders that are associated with
limited therapeutic options. Furthermore, with increasing emphasis
being placed on the study of human variation and the development
of improved technologies for identifying such variation (see Table
10-1), the potential availability of genetic information about
individuals will undoubtedly increase. How such information will
or should be used by patients, physicians, and society raises a number
of issues that require immediate, thoughtful consideration.

To address these concerns, the architects of the United States
HGP established the Ethical, Legal, and Social Implications (ELSI)
Program as an integral component of the HGP.*** This program
provides a novel approach to the study of ethical, legal, and social
issues by carefully integrating its agenda with that of the ongoing
genome mapping and sequencing efforts*58%5 (see http://
www.nhgri.nih.gov/ELSI). By design, the ELSI Program has brought
together individuals with diverse areas of expertise (e.g., medical
geneticists, ethicists, historians, theologians, legal scholars, policy
analysts, sociologists). The program’s mission includes both research
studies and education projects for addressing ELSI issues as well as
policy analysis and development efforts for translating the empirical
research findings into pragmatic policy and programmatic
recommendations. The NIH committed initially 3% and later 5%
of its total HGP budget to the ELSI Program.The United States
Department of Energy also established an ELSI Program (see http:/
www.ornl.gov/TechResources Human Genome/resource/elsi.html).

The central mission of the ELSI Program has been to identify

and address the key ethical, legal, and social issues relating to the
HGP (and other associated genomic and genetic research activities)
and to facilitate the establishment and institution of appropriate
safeguards**®8 (see http://www.nhgri.nih.gov/ELSI). The program
has focused on four high-priority areas of study: (1) privacy and
fair use of genetic information; (2) safe and effective integration
of new genetic technologies into clinical practice; (3) issues
surrounding genetics research; and (4) public and professional
education.

The increased availability of genetic data raises numerous
issues about who should have access to this potentially powerful
information. Several surveys have shown that this is a real concern
to people.’®6588 In the past, genetic information has indeed been
used to discriminate against individuals (e.g., sickle-cell anemia
carriers). Of particular concern is the fear of losing or being denied
health insurance because of a genetic predisposition to a disease.
Ironically, the substantive issues surrounding health insurance
discrimination threaten both the potential usage of new genetic
technologies to improve human health and the ability to conduct
the very research needed to understand, treat, and prevent genetic
disease. In 19935, the National Action Plan on Breast Cancer
(NAPBC) in conjunction with the ELSI Program developed detailed
policy recommendations to prohibit genetic discrimination in
health insurance.’® As a result of these recommendations, the
Health Insurance Portability and Accountability Act of 1996 [104
Public Law No. 104-191, 701, 110 STAT, 1936 (1996)], which
includes prohibitions on the use of genetic information in the group
health insurance market, became the first United States Federal
law enacted to protect against the misuse of genetic information.
Efforts are ongoing to pass additional Federal legislation that would
broaden this protection to those with individual health insurance
coverage and would in a more general way prohibit health insurers
from asking for or using genetic information. In the United States,
30 states have now enacted laws to prevent the use of genetic
information by health insurers®® [Barbara Fuller (NHGRI),
personal communication]. Finally, initial policy recommendations
to address concerns about the use of genetic information in the
workplace have been formulated®' (see also http://
www.nhgri.nih.gov/HGP/Reports/genetics_workplace.html).

Genetic testing is increasingly becoming an integral
component of health care. As a result, the ELSI Program has
examined the key issues surrounding the introduction of new
genetic tests into clinical practice. An initial set of studies explored
the testing and counseling for cystic fibrosis mutations, with the
aim of examining alternative approaches for genetic education,
testing, and counseling.’”> Based on these studies, a 1997 NIH
Consensus Conference recommended optimal practices for
performing cystic fibrosis genetic testing (see http://odp.od.nih.gov/
consensus/statements/cdc/106/106_stmt.html). Similarly, in
anticipation of the discovery of cancer predisposing genes, the ELSI
Program sponsored studies to examine the psychosocial and clinical
impact of genetic testing in families with heritable forms of breast,
ovarian, and colon cancer. These studies have resulted in the
development of valuable experience-based guidance for
implementing genetic tests for cancer susceptibility.*>**¢ Similar
investigations relating to genetic testing for Alzheimer disease’’
and hemochromatosis®*® have also been performed. In 1994, the
NIH and the Department of Energy created the Task Force on
Genetic Testing to evaluate genetic testing in the United States
and to make recommendations for ensuring that such tests are
safe and effective. The resulting report contains recommendations
for federal agencies, testing laboratories, and health professionals’™”
(see http://www.nhgri.nih.gov/ELS/TFGT _final).

As genetic testing increases, the use and interpretation of those
tests will become the responsibility of a wider array of health
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professionals beyond those considered to be “genetics specialists,”
including primary care physicians, nurses, physician assistants, nurse
practitioners, psychologists, and social workers. In addition, public
policy makers and the general public will increasingly be called upon
to consider critical issues relating to genetic testing. In anticipation
of these situations, the ELSI Program has initiated various
educational efforts that aim to train health care professionals in
interpreting new DNA-based diagnostic tests, to increase public
genetic literacy through both the schools and the media, to encourage
public discussion about genetic issues, and to provide genetic
education for appropriate public policy makers. One such initiative
is the establishment of the National Coalition for Health Professional
Education in Genetics (NCHPEG), a coordinated effort to promote
health professional education about advances in human genetics.
While health professionals are the primary target audience for
NCHPEG, the program plans to include efforts that aim to provide
appropriate materials and guidance for educating policy makers
and, through health care providers, patients, families, and the general
public.

Adequate consideration of the ethical, legal, and social issues
concerning human genome research and the HGP is critical for the
successful introduction of genetic information into the mainstream
of medical practice and society. The ELSI Program has established
a solid foundation for addressing these issues and will undoubtedly
continue to provide critical leadership in this area.

CONCLUSION

The HGP is one of the most important projects—if not the most
important project—ever undertaken in biomedical research. It is
fundamentally an endeavor aiming to develop tools for the study
of biology and medicine. These tools reflect both an information
resource in the form of genetic, physical, and sequence maps of
the human genome and of several model organisms, as well as an
ever-increasing number of experimental technologies that are
becoming standard techniques in the armamentarium of biomedical
researchers. In this regard, an exciting new “genomic revolution”
has started and it is permanently changing the way research is
performed. The new and powerful foundation of genetic
information is empowering investigators to tackle complex
problems relating to disease, development, and evolution that were
previously unapproachable. The direct impact of the HGP on
clinical medicine is already being realized, with both a dramatic
acceleration in the identification of human disease genes and the
continual development of new approaches for analyzing patient
DNA. Ultimately, though, the true legacy of the HGP will be to
provide future generations of scientists and clinicians an
unprecedented resource—the human “genetic blueprint”—that will
allow them to define better the genetic bases of disease and to use
that information for designing more effective therapies.
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ABBREVIATIONS

BAC
BP

BACTERIAL ARTIFICIAL CHROMOSOME

BASE PAIR

EST

EXPRESSED-SEQUENCE TAG

HGP
KB

HUMAN GENOME PROJECT
KILOBASE PAIR

LINE
MsB

LONG INTERSPERSED NUCLEOTIDE ELEMENT
MAGABASE PAIR

PAC

P1-DERIVED ARTIFICIAL CHROMOSOME

SNP

SINGLE NUCLEOTIDE POLYMORPHISM

STS

SEQUENCE-TAGGED SITE

SINE
WEB

SHORT INTERSPERSED NUCLEOTIDE ELEMENT

WORLD WIDE WEB
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